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Abstract Keratan sulfate (KS) is a storage material in
mucopolysaccharidosis IV (MPS IV). However, no detailed
analysis has been reported on subclasses of KS: mono-
sulfated KS and di-sulfated KS. We established a novel
method to distinguish and quantify mono- and di-sulfated
KS using liquid chromatography—tandem mass spectrometry
and measured both KS levels in various specimens.
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Di-sulfated KS was dominant in shark cartilage and rat
serum, while mono-sulfated KS was dominant in bovine
cornea and human serum. Levels of both mono- and
di-sulfated KS varied with age in the blood and urine from
control subjects and patients with MPS II and IVA.
The mean levels of both forms of KS in the plasma/serum
from patients with MPS II, IVA, and IVB were
elevated compared with that in age-matched controls.
Di-sulfated KS provided more significant difference
between MPS IVA and the age-matched controls than
mono-sulfated KS. The ratio of di-sulfated KS to total
KS in plasma/serum increased with age in control subjects
and patients with MPS II but was age independent in
MPS IVA patients. Consequently, this ratio can discriminate
younger MPS IVA patients from controls. Levels of mono-
and di-sulfated KS in urine of MPS IVA and IVB
patients were all higher than age-matched controls for all
ages studied.

In conclusion, the level of di-sulfated KS and its ratio to
total KS can distinguish control subjects from patients with
MPS 1I, IVA, and IVB, indicating that di-sulfated KS may
be a novel biomarker for these disorders.

Abbreviations

Cre Creatinine

DBS Dried blood spot

ECM Extracellular matrix

GAG Glycosaminoglycans

Gal D-galactose

GALNS N-acetylgalactosamine-6-sulfate sulfatase
GlcNAc N-acetyl-D-glucosamine

KS Keratan sulfate
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LC-MS/MS  High-performance liquid chromatography—
tandem mass spectrometry

MPS Mucopolysaccharidoses

NBS Newborn screening

B-Gal B-galactosidase

Introduction

Keratan sulfate (KS), a linear polymer glycosaminoglycan
(GAG), is composed of alternating D-galactose (Gal) and
N-acetyl-D-glucosamine (GIcNAc) residues linked to
Bl — 4 and B1 — 3, respectively. KS attaches to core
proteins including aggrecan, luminican, keratocan,
mimecan, and fibromodulin with fucose and sialic acid
and is distributed in the articular cartilage, cornea, brain,
and various endothelial cells (Funderburgh 2000). KS is
almost always sulfated on C (6) of GlcNAc, while C (6) of
Gal is sulfated to a variable extent, depending on the tissue
and age (Bhavanandan and Meyer 1968). KS chains of
fibromodulin in articular cartilage are highly sulfated
compared to that in the cornea (Lauder et al. 1997;
Nieduszynski et al. 1990), and the levels of sulfation in
cornea and cartilage increase during normal aging (Liles
et al. 2010; Brown et al. 1998).

Mucopolysaccharidosis IV includes two subtypes,
mucopolysaccharidosis IVA and IVB (MPS IVA, Morquio
A syndrome; MPS IVB, Morquio B syndrome), caused by
the deficiency of N-acetylgalactosamine-6-sulfate sulfatase
(GALNS) and B-galactosidase (B-gal), respectively. Either
enzyme deficiency results in accumulation of undegraded KS
especially in cells and extracellular matrix (ECM) of
cartilage and cornea. Patients with a classic (severe) form
of MPS IVA have a unique systemic skeletal dysplasia
including short-trunk dwarfism, kyphoscoliosis, coxa valga,
odontoid hypoplasia, abnormal gait, joint mobility problems,
restriction of chest wall movement, and a life span of 20-30
years if an appropriate orthopedic intervention is unavailable.
Patients with an attenuated form have a milder skeletal
involvement, and most have normal life span (Diing et al.
2013; Yasuda et al. 2013; Tomatsu et al. 2011, 2012a, 2013a,
b; Northover et al. 1996; Montano et al. 2007, 2008; Suzuki
et al. 2001; Hendriksz et al. 2013; Mollmann et al. 2013;
Harmatz et al. 2013). Patients with MPS IVB show a milder
phenotype of skeletal dysplasia than patients with the severe
form of MPS IVA. Consequently, clinical features of MPS
IVB are similar to those in patients with an attenuated form
of MPS IVA.

@ Springer

We have established a reproducible, sensitive, and
specific assay technique to measure KS in blood, urine,
and dried blood spot (DBS) specimens using liquid
chromatography—tandem mass spectrometry (LC-MS/MS)
(Tomatsu et al. 2010a, b, 2013a; Oguma et al. 2007a, b;
Hintze et al. 2011). Similar methods have been validated in
another laboratory (Martell et al. 2011). KS levels in blood
and urine in patients with MPS IVA are associated with age
and clinical severity (Tomatsu et al. 2010c) and are
decreased with enzyme replacement therapy (ERT) on
mouse model and bone marrow transplantation (BMT) in
a patient with MPS IVA (Tomatsu et al. 2008; Chinen et al.
2014). Thus, KS levels in the blood and/or urine should be
a suitable biomarker for early diagnosis, screening, clinical
severity, and therapeutic efficacy in MPS IVA (Tomatsu
et al. 2008, 2010c, 2013a). However, there is significant
overlap of KS levels between age-matched controls and
patients with MPS IVA, especially in patients older than
10 years of age, suggesting that better biomarkers or
methodology for MPS IVA are needed (Tomatsu et al.
2010c). Blood KS level was also elevated in patients with
MPS 1I and MPS IVB, resulting in difficulty to separate
MPS IVA from MPS II and MPS IVB or other types
of MPS by total KS (Tomatsu et al. 2005, 2010c).
Patients with MPS IVA and IVB have a deficiency
of the enzyme that directly involves KS metabolism,
N-acetylgalactosamine-6-sulfate sulfatase (GALNS) and
B-galactosidase, respectively. Therefore, elevation of KS
in the blood and urine of these types of MPS is natural;
however, it is unexpected that patients with other types of
MPS, in which responsible enzymes do not directly involve
the catabolic pathway of KS, have the elevation of KS in
the blood and urine as well.

GALNS removes the sulfate at C(6) in Gal of the
di-sulfated KS, Gal(6S)B1 — 4GlcNAc(6S), producing
mono-sulfated KS, Galfl — 4GIcNAc(6S). Our previous
results showed that the proportion of di-sulfated KS in total
KS in the patients with MPS IVA is higher than that in the
control subjects (Tomatsu et al. 2010c); but the low
sensitivity and specificity of the assay to detect di-sulfated
KS limited further studies. Improvement of the assay
method to separate di-sulfated KS and mono-sulfated KS
was needed to distinguish MPS IVA, control subjects, and
other types of MPS precisely.

In this study, we have determined di-sulfated KS levels
and the proportion of di-sulfated KS in total KS in the
blood and urine of control subjects and patients with MPS
II, IVA, and IVB by using a novel LC-MS/MS method.
We have compared its feasibility of di-sulfated KS with
mono-sulfated KS as a biomarker for MPS.
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Materials and Methods
Materials
Polymer KS

Two purified polymer KS samples were supplied by
Seikagaku Co. (Tokyo, Japan). One originated from bovine
cornea (KS-I), and the other, from shark cartilage (KSP).
The ratio of sulfation in these two polymer KS samples was
investigated in comparison with human dried blood spot
(DBS), serum and urine, and rat serum.

Subjects

Blood specimens (plasma/serum) were collected from 58
patients with MPS II (phenotype: severe, 47; attenuated,
11), 35 patients with MPS IVA (phenotype: severe, 32;
undefined, 3), and five patients with MPS IVB (all
attenuated) with informed consent. Urine specimens were
collected from 14 patients with MPS IVA (all severe) and
five patients with MPS IVB (all attenuated) with informed
consent. Information of age and clinical phenotype of each
patient was obtained. Plasma/serum and urine samples were
similarly obtained from 144 and 44 healthy controls,
respectively. The diagnosis of MPS II, MPS IVA, and
MPS IVB was made on the basis of enzyme activity
(iduronate-2-sulfatase, GALNS, and [-gal, respectively)
being less than 5% of levels found in normal plasma,
leukocytes, or fibroblasts. Clinical severity for patients with
MPS IVA was classified based on patient age and height, as
described previously (Montafo et al. 2008; Tomatsu et al.
2012b). The phenotype of patients with MPS IVB was
determined using the same classification. Clinical severity
for patients with MPS 1I was classified based according to
CNS involvement (Rozdzynska et al. 2011). In previous
experiments by LC-MS/MS, we confirmed that there is no
difference of GAG value in specificity and sensitivity
between plasma and serum (Oguma et al. 2007a, b;
Tomatsu et al. 2010b, c).

Enzymes and Standard

Keratanase II from Seikagaku Co. was used to digest
“polymer” KS to disaccharides. Keratanase II can digest
polymers that contain either mono-sulfated KS, Galfl — 4
GIcNAc(6S), or di-sulfated KS, Gal(6S)Bl — 4GlcNAc
(6S). Gel permeation chromatography (GPC)-HPLC study
showed that 60 % of KS-I was digested with keratanase II
(Tomatsu et al. 2013a, 2014). Di-sulfated KS (L4;
20 pg/ml), polymer KS (20 pg/ml), and chondrosine for
internal standard (IS) (1 mg/ml) supplied by Seikagaku Co.
were prepared separately in ddH,O. Standard working

solutions of KS-I (0.1, 0.2, 1.0, 2.0, and 10.0 pg/ml) and
IS solution (5 pg/ml) were prepared.

Keratanase II produced in Seikagaku Co. will be
available upon request.

Methods
Sample Preparation

Plasma/serum, urine specimens, and standards were
prepared as follows: Ten micro liter of each plasma/serum
and urine sample and 90 pl of 50 mM Tris—hydrochloric
acid buffer (pH 7.0) were placed in wells of AcroPrep™
Advance 96-Well Filter Plates that have Ultrafiltration
Omega 10 K membrane filters (PALL Corporation, NY,
USA). The filter plates were placed on the receiver and
centrifuged at 2,000 g for 15 min to remove free
disaccharides. The membrane plates were transferred to a
fresh receiver plate. Standards were added to unused wells
of the filter plate. Ten micro liter of IS solution (5 pg/ml),
80 pl of 50 mM Tris—hydrochloric acid buffer (pH 7.0), and
10 pl of keratanase II (2 mU per sample) were added to
each filter well. The plate was incubated in a water bath at
37°C for 15 h and centrifuged at 2,000 g for 15 min. The
receiver plate containing disaccharides was stored at —20°C
until injection to LC-MS/MS.

Apparatus

The chromatographic system consisted of 1260 Infinity
Degasser, binary pump, auto-injector, thermostatted column
compartment, and 1290 Infinity Thermostat (Agilent
Technologies, Palo Alto, CA, USA) and a Hypercarb
column (2.0 mm i.d. 50 mm, 5 pm, Thermo Electron,
USA). The column temperature was kept at 60°C. The
mobile phase was a gradient elution from 0.025%
ammonia to 90% acetonitrile in 0.025% ammonia. The
gradient condition was programmed as follows: The initial
composition of 0% acetonitrile was kept for 0.1 min,
linearly modified to 30% over 1.8 min, maintained at 30%
for 0.3 min, returned to 0% over 0.01 min, and finally
maintained at 0% for 2.5 min. The flow rate was 0.6 ml/min.
The 6460 Triple Quad mass spectrometer (Agilent
Technologies) was operated in the negative ion detection
mode with thermal gradient focusing electrospray
ionization (Agilent Jet Stream technology, AJS). The
parameters of Jet Stream technology were as follows:
drying gas temperature, 350°C; drying gas flow, 11 I/min;
nebulizer pressure, 35 psi; sheath gas temperature, 400°C;
sheath gas flow, 11 I/min; capillary voltage, 4,000 V; and
nozzle voltage, 2,000 V. A m/z 462 precursor ion and m/z
97 product ion were used to detect and quantify the mono-
sulfated KS, and a m/z 542 precursor ion and m/z 462

@ Springer



JIMD Reports

product ion were used to detect and quantify the di-sulfated
KS (Zhang et al. 2005). A m/z 354.29 precursor ion and m/z
193.1 product ion were used to detect the IS. Peak areas for
all components were integrated automatically using QQQ
Quantitative Analysis software (Agilent Technologies), and
peak area ratios (area of analytes/area of IS) were plotted
against concentration by weighted linear regression. Raw
data of LC-MS/MS were automatically preserved. The
concentration of each disaccharide was calculated using
QQQ Quantitative Analysis software. The data of urine
samples were corrected by creatinine (Cre) levels with
Creatinine (urinary) Colorimetric Assay Kit (Cayman
Chem. MI, USA).

Method Validation

The recoveries of analytes were determined by adding
di-sulfated KS to control serum, comparing the control
serum without standard di-sulfated KS. Intraday precision
evaluated as coefficient of variation (CV) was determined
by replicate analyses (n = 5) of three different control
specimens (serum, plasma, and urine). Interday precision
was determined by replicate analyses (n = 5) of three
different serum specimens (serum, plasma, and urine) on
three separate days.

The selectivity of the assay was investigated by
processing and analyzing five independent samples by the
procedure described above without enzymatic digestion.
Calibration curves were constructed by plotting the peak
area ratio of the analytes to IS against the concentration of
the analytes. Each calibration curve consisted of seven
calibration points.

Statistical Analysis

Patients were grouped by age as follows: 0 to <3years
(years), 3 to <5 years, 5 to <10 years, 10 to <15 years, 15
to <20 years, and 20 years and above. Mono-sulfated and
di-sulfated KS wvalue (ug/ml) as well as proportion of
di-sulfated KS in serum/plasma and urine was summarized
by age groups and patient groups (control, MPS II, MPS
IVA, and MPS IVB). Data were summarized using mean
and standard deviation (SD). Age-adjusted standardized
values of mono-sulfated and di-sulfated KS were calculated
for MPS IVA patients. Corresponding concentration of
control subjects was used as a reference for standardization.
Specifically, for the age-matched group, standardized
mono-sulfated KS of MPS IVA patients = (mono-sulfated
KS for patients in the age-matched group of MPS IVA —
mean mono-sulfated KS for control subjects in the age-
matched group)/(SD of mono-sulfated KS for control
subjects in the age-matched group). The mean age-adjusted
standardized mono- and di-sulfated KS of MPS IVA

@ Springer

patients was compared using #-test. In addition, numbers
and percentages of MPS IVA patients with mono- and
di-sulfated KS levels in serum/plasma and urine more than
2 and 3 SD above the mean of age-matched controls were
estimated. Chi-square test and logistic regression analysis
were performed to compare the proportion of MPS IVA
patients with mono- and di-sulfated KS more than 2 and 3
SD above the mean of age-matched controls. The odds ratio
(OR) and p value are presented. Test and model
assumptions were checked before statistical analyses. All
tests were two-tailed at the level of significance of 0.05.
Analysis was performed using SPSS for Windows (version
22.0, IBM, Chicago, IL, USA).

Results
Sulfation Pattern of KS

The peak of di-sulfated KS eluted at 3.22 min and was
clearly detected by MRM conditions of m/z 542 of the
precursor ion and m/z 462 of product ion (Fig. 1a). It was
also detected by multiple reaction monitoring (MRM)
conditions of m/z 462 of the precursor ion and m/z 97 of
product ion, presumably due to loss of sulfate in the
fragmentor. After digestion of KS-I (bovine cornea) by
keratanase I, a major peak of mono-sulfated KS (m/z 462
precursor, m/z 97 product) eluted at 3.06 min, and a minor
peak of di-sulfated KS eluted at 3.22 min (Fig. 1b). After
digestion of KPS (shark cartilage), only the di-sulfated KS
peak was observed (Fig. lc). These sulfation patterns of
KS-I and KSP were confirmed by using GPC-HPLC. GPC
analysis also showed that the proportion of di-sulfated KS
vs. mono-sulfated KS in KS-I was 42% vs. 58 , while KPS
contained nearly 100% of di-sulfated KS (data not shown).
Thus, the results by LC-MS/MS were consistent with those
by GPC-HPLC.

In human serum specimens from normal control subjects
digested by keratanase II, two peaks corresponding to
mono- and di-sulfated KS were observed (Fig. 1d). The
ratio of forms of sulfated KS was similar to that in bovine
cornea. Serum sample from control rat showed a different
pattern compared to human serum sample. Total level of
KS in rat serum was much lower than that in human serum
and the major form was di-sulfated KS (Fig. le). A human
urine sample also showed the presence of mono- and
di-sulfated KS with a higher proportion of di-sulfated KS
than seen in human serum (Fig. 1f). In human DBS, two
peaks corresponding to mono- and di-sulfated KS were
detected, and the ratio of forms of sulfated KS was similar
to that in human serum (Fig. 1g). These findings suggest
that the sulfation pattern of KS depends on the tissue,
species, and specimen analyzed.



JIMD Reports

a

-ESI MRM Frag=90.0V CID@10.0 (542.0000 -> 461.9000) di-sulfate only005.d
x10 6 Noise (PeakToPeak) = 40.62; SNR (3.202min) = 40804.7

2 3 2% 2
1.5
14
0.5
o4
0.6 0.8 1 12 14 1.6 1.8 2 22 24 26 28 3 32 3.4
b Counts vs. Acquisition Time (min)
-ESI MRM Frag=110.0V CID@30.0 (462.0000 -> 97.0000) KS-I.d
x10 4 |Noise (PeakToPeak) = 38.36; SNR (3.063min) = 469.5
2 3.063 3
15 Mono-sulfated KS
i-sulfated KS
14
0.5
3/21
0J
0.6 0.8 1 1.2 14 1.6 1.8 2 22 24 26 28 3 3.2 3.4
Counts vs. Acquisition Time (min)

-ESI MRM Frag=90.0V CID@10.0 (542.0000 -> 461.9000) KSP001.d
x10 5 Noise (PeakToPeak) = 325.64; SNR (3.219min) = 309.4

W2 3 2\% 2
0.75
05
0.25

0 A\

0.6 0.8 1 12 14 1.6 1.8 2 22 24 26 28 3 3.2 3.4
Counts vs. Acquisition Time (min)

Fig. 1 Chromatogram for KS after digestion of keratanase II. (a) Di-
sulfated KS standard. (b) KS-I: bovine cornea. (¢) KSP: shark
cartilage. (d) Human serum. (e) Rat serum. (f) Human urine. (g)
Human dried blood spot (DBS). Blue line showed the MRM condition

Calibration Curves

Calibration curves for both of mono- and di-sulfated KS
obtained on five separate days were linear over the
concentration ranges of 0.1-10 pg/ml. The correlation
coefficients () were not less than 0.99.

Precision and Accuracy

The mean recoveries of di-sulfated KS in control serum
were 91.2% and 101.5% at concentration of 5.0 and
2.5 pg/ml, respectively. Mean recoveries of mono-sulfated
KS in control serum are more than 87% at concentrations
of 5.0 and 2.5 pg/ml (Oguma et al. 2007a, b). Results of
intra- and inter-assay precision for mono- and di-sulfated
KS in control serum are as follows: The intra-assay
precision values/coefficient of variation (CV) determined
from the analysis of mono- and di-sulfated KS are less than
6.8 and 14.6% in serum, 5.1 and 9.4% in plasma, and 14.1

Di-sulfated KS

d
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as m/z 462 precursor ion and m/z 97 product ion, which detected both
mono- and di-sulfated KS. Red line showed the MRM condition as m/
z 542 precursor ion and m/z 462 product ion, which detected di-
sulfated KS only

and 12.9% in urine, respectively. The inter-assay precision
values/CVs for these disaccharides are less than 6.5 and
14.3% in serum, 6.7 and 8.2% in plasma, and 12.3 and
15.8% in urine, respectively. These results demonstrate the
reproducibility and accuracy of the method.

Analysis of Mono- and Di-sulfated KS
Blood Mono-sulfated KS: Galfl — 4GlcNAc(6S)

The mono-sulfated KS values for the plasma/serum samples
from 58 MPS II patients (average age 11.5, range 2-35
years), 35 MPS IVA patients (average age 15.9 years, range
3.4-56 years), 5 MPS IVB patients (average age 15.8 years,
range 12.7-18.3 years), and 144 control subjects (average
age 5.1 years, range 0—80 years) are described in Table 1
and Fig. 2a. In the control subjects, levels of mono-sulfated
KS were relatively constant (approx. 3.0 pg/ml) up to the
age of 10 years, after which they steadily declined before
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Table 1 Levels of blood mono- and di-sulfated KS, and proportion of blood di-sulfated KS in total KS of patients with MPS and control subjects

Age Control MPS 11 MPS IV A MPS IVB
Mano-sulfated KS (ug/ml)

0-2.9 3.80 £ 0.82 (n = 83) 55m=1)

3-49 391 £ 092 (n = 19) 6.34 £ 1.42 (n = 6)*** 417 139 (n=2)

5-9.9 3.55 £ 059 (n = 22) 7.11 £ 2.38 (n = 23)*** 4.93 + 0.83 (n = 10)***

10-14.9 222+ 053 (n=12) 579 £ 2.1 (n = 13)*** 4.16 £ 1.22 (n = 9)*** 3824+ 020 =2)
15-19.9 1.80 +£ 0.64 (n = 4) 432+ 146 (n ="7)* 3.93 £ 1.07 (n = 8)** 298 £ 1.67 (n =3)
20- 1.26 £ 023 (n = 4) 347 £ 1.69 (n = 8)* 2.04 £ 0.63 (n = 3)*

Di-sulfated (ug/ml)

0-2.9 1.33 £ 0.34 (n = 83) 269 (n=1)

3-4.9 1.56 + (— = 19) 2.85 + 1.08 (n = 6)*** 2.46 + 1.30 (n = 2)

5-9.9 1.57 £ 029 (n = 22) 4.05 + 1.66 (n = 23)*** 3.08 &+ 0.70 (n = 10)***

10-14.9 1.20 +£ 032 (n = 12) 3.47 £ 1.19 (n = 13)*** 2.99 4+ 0.90 (n = 9)*** 2324+ 048 (n =2)
15-19.9 1.01 £ 031 (n = 4) 271 £ 081 (n = 7)** 2.30 £+ 0.50 (n = 8)*** 1.66 = 1.22 (n = 3)

Proportion of blood di-sulfated KS in total KS (%)

0-2.9 259 £ 2.7 (n = 83) 328 =1)

3-49 28.6 £33 (n = 19) 304 £ 4.1 (n = 6)
5-9.9 30.6 £ 2.3 (n = 22) 35.8 4+ 3.0 (n = 23)***
10-14.9 352 £ 4.5 (n = 12) 37.6 £3.6 (n = 13)
15-19.9 36.1 £ 2.6 (n = 4) 39.0 £250=7)
20~ 20+ 11 (n=4) 41.0 £ 3.6 (n = 8)

362 £ 5.0 (n = 2)
38.3 £ 4.2 (n = 10)***
39.1 £ 2.8 (n = 9)*
371+ 4.1 (n =8)
41.6 + 8.1 (n = 3)

37.6 £3.7 (n = 2)
37.6 £3.7 (n = 2)
344 4+ 53 (n=3)

Proportion is calculated as di-sulfated KS/total KS x 100 (%)
Data represent the mean £+ SD values

* *¥* and ***; significantly different from the control at p < 0.05, 0.01, and 0.001, respectively

stabilizing in late teenage years to less than 1.5 pg/ml
(Table 1). By contrast, levels of mono-sulfated KS in the
blood of patients with MPS IVA were higher than those in
age-matched control subjects (Table 1, Fig. 2a). There was
not a clear separation of mono-sulfated KS levels between
control subjects and patients with MPS IVA (Fig. 2a).

The levels of mono-sulfated KS were also compared
between patients with MPS II and IVB and age-matched
controls (Table 1, Fig. 2a). In the patients with MPS 11, no
differences were seen between attenuated and severe
phenotypes in mono-sulfated KS. Fifty-four out of 58
(93%) and 43 out of 58 (74%) patients with MPS II had
plasma/serum mono-sulfated KS levels more than 2 SD and
3 SD above the mean of age-matched controls, respectively
(Table 1). Three out of five (60%) patients with MPS IVB
had plasma/serum mono-sulfated KS levels more than 2 SD
above the mean of age-matched controls (Table 1).

Blood Di-sulfated KS: Galf1(6S) — 4GlcNAc(6S)
Plasma/serum di-sulfated KS values in patients with MPS

II, IVA, and IVB and the control subjects are shown in
Table 1 and Fig. 2b. Levels of di-sulfated KS in the blood
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from control subjects were also age dependent, similar to
that seen for mono-sulfated KS. Di-sulfated KS concentra-
tion stayed relatively constant until 15 years of age (approx.
1.5 pg/ml) and then gradually decreased to 0.9 pg/ml in
adults (Table 1). The levels of di-sulfated KS in the blood
of patients with MPS TVA were significantly higher than
those in age-matched control subjects (Table 1, Fig. 2b).
Twenty-four out of 35 (69%) and 31 out of 35 (89%)
patients with MPS IVA had mono- and di-sulfated KS
levels in the blood more than 2 SD above the mean of age-
matched controls, respectively. The proportion for di-
sulfated KS is significantly higher than for mono-sulfated
KS (p = 0.041). The likelihood of having di-sulfated KS
levels more than 2SD above the mean of age-matched
controls is significantly higher than that of having mono-
sulfated KS levels in MPS IVA patients, OR = 3.63,
p = 0.048. Eighteen out of 35 (51%) and 28 out of 35
(80%) patients had mono- and di-sulfated KS levels in the
blood more than 3 SD above the mean of age-matched
controls. Similarly, the proportion of MPS IVA patients
with di-sulfated KS levels more than 3 SD above the mean
age-matched control was significantly higher than that with
mono-sulfated KS levels, OR = 3.78, p = 0.01. These
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findings indicate that di-sulfated KS is a better indicator
than mono-sulfated KS to distinguish between MPS IVA
patients and age-matched controls (cutoff 2 SD,
p =0.0002; 3 SD, p =0.0003 by chi-square test).
Nevertheless, two MPS IVA patients who had not received
any therapy had blood levels of di-sulfated KS that were
indistinguishable from controls (Fig. 2b).

Patients with MPS IVB had higher levels of plasma/
serum di-sulfated KS than age-matched controls, but
differences were not significant for this small set of patients
(Table 1, Fig 2b). Fifty-four out of 58 MPS II patients
(93%) had di-sulfated KS levels that were more than 2SD
above the mean of age-matched controls (Table 1). The
enzyme defect in MPS II causes accumulation of heparin
sulfate and dermatan sulfate, and consequently elevation of
di-sulfated KS must be an indirect effect.

Correlation Between Mono-sulfated KS and Di-sulfated KS
Levels in the Blood

A strong correlation between levels of mono- and di-
sulfated KS was observed (* = 0.7733) for both patients
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of blood di-sulfated KS in total KS. Results of all specimens from
patients and control subjects were plotted on a semilogarithmic scale
(a, b) and regular scale (¢) with respect to age

and controls. We found that the contribution of di-sulfated
KS to total KS increased with age in the controls but was
age independent in MPS IVA patients (Table 1, Fig. 2c).
Thus, the proportion of di-sulfated KS in total KS was more
discriminating in patients up to 15 years of age. The two
patients aged 3.6 and 13.4 who had low levels of di-
sulfated KS also had low levels of mono-sulfated KS, so
they could be distinguished from controls by the ratio of
di-sulfated KS to total KS (Fig. 2c). The fraction of di-
sulfated KS in total KS in the patients with MPS II aged
5-10 years significantly increased compared to age-
matched controls, but there was considerable overlap in
individual values (Table 1, Fig. 2c¢). Ratio differences
between patients with MPS IVB and controls were not
significant.

Urine Mono-sulfated KS
The mono-sulfated KS values for the urine samples from 14
MPS IVA patients (average age 16.6 years, range 3.6—56

years), 5 MPS IVB patients (average age 15.8 years, range
12.7-18.3 years), and 44 control subjects (average age 5.1
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Table 2 Levels of urine mono- and di-sulfated KS, and proportion of urine di-sulfated KS in total KS of patients with MPS and control subjects

Age Control

MPS IVA MPS IVB

Mono-sulfated KS (ug/mg Cre)

0-29.9 40.36 £ 27.29 (n = 20)
3-9.9 21.56 + 8.81 (n = 8)
10-19.9 571 £ 1.68 (n = 13)
20— 1.07 £ 033 (n = 6)
Di-sulfated KS (ug/mg Cre)

0-2.9 31.35 + 14.66 (n = 20)
3-9.9 31.01 + 18.89 (n = 8)
10-19.9 10.45 £ 2.32 (n = 13)
20— 359+ 121 (n = 6)
Proportion of urine di-sulfated KS in total KS %
0-2.9 4538 £ 8.52 (n = 20)
3-9.9 57.20 + 11.07 (n = 8)
10-19.9 64.92 + 4.74 (n = 13)
20— 76.77 + 1.88 (n = 6)

97.24 + 59.45 (n = T)**
45.18 £ 26.80 (n = 5)*** 2541 £ 16.33 (n = 5)**
14.74 + 2.84 (n = 2)

253.06 + 147.91 (n = 7)**
102.18 + 58.81 (n = 5y*** 21.02 £ 11.76 (n = 5)*
27.93 + 8.45 (n = 2)

71.99 + 3.45 (n = T)**
69-48 + 6.16 (n = 5) 46.31 + 2.86 (n = 5)***
65.12 + 2.58 (n = 2)

Proportion is calculated as di-sulfated KS/total KS x 100 (%)
Data represent the mean + SD values

* F* and ***; significantly different from the control at p < 0.05, 0.01, and 0.001, respectively

years, range 0—54 years) are shown in Table 2 and Fig. 3a.
Levels of mono-sulfated KS in the urine were also age
dependent (Fig. 3a). The level was highest in newborns
(40 pg/mg Cre) and decreased until 15 years of age and
reached a plateau in twenties and older (1.0 pg/mg Cre,
Table 2). The levels of mono-sulfated KS in the urine of
patients with MPS IVA were significantly higher than those
in age-matched control subjects (Table 2, Fig. 3a). All
patients with MPS IVA had levels of mono-sulfated KS that
were higher than 3 SD above the mean of the age-matched
controls. In contrast to blood samples, levels of urine
mono-sulfated KS in patients with MPS IVB significantly
increased as well, and all of them were more than 3 SD
above the mean of age-matched controls (Table 1, Fig. 3a).

Urine Di-sulfated KS

In the control subjects, levels of urine di-sulfated KS were
relatively constant (approx. 30 pg/mg Cre) up to 10 years
of age and, thereafter, steadily declined to less than
5.0 pg/mg Cre in late teenage years (Table 2). The levels
of urine di-sulfated KS in patients with MPS IVA were
significantly higher than those in age-matched control
subjects (Table 2, Fig. 3b). All patients with MPS IVA
had urine levels of di-sulfated KS that were more than 3 SD
above the mean of the age-matched controls. Levels of
urine di-sulfated KS in patients with MPS IVB significantly
increased, and two out of five patients with MPS IVB were
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more than 3 SD above the mean of age-matched controls
(Table 2, Fig. 3b).

Correlation Between Mono-sulfated KS and Di-sulfated KS
Levels in the Urine

There was a strong correlation between mono- and di-
sulfated KS for both patients and controls (* = 0.7556).
We found that the contribution of di-sulfated KS to total KS
in the urine was higher than that in the blood and also
increased with age in the controls and was age independent
in MPS IVA patients (Fig. 3c, Table 2). The proportion of
di-sulfated KS in total KS in the patients with MPS IVB
was significantly lower than that in patients with MPS IVA
(p < 0.001) and age-matched control subjects (p < 0.001)
(Fig. 3C, Table 2).

Discussion

In this study, we have demonstrated (1) that the peak of di-
sulfated KS is separated from the mono-sulfated KS as a
pure single peak by the LC column using the m/z 542 di-
sulfated precursor ion and m/z 462 product ion, (2) that the
levels of blood and urine mono-sulfated and di-sulfated KS
in control subjects are age dependent and decline with age,
(3) that blood and urine mono- and di-sulfated KS levels in
patients with MPS IVA are significantly higher than those
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in age-matched control subjects, (4) that the level of blood
and urine di-sulfated KS distinguishes control subjects and
patients with MPS IVA more clearly than that of mono-
sulfated KS, (5) that the ratio of blood di-sulfated KS to
total KS increases with age and was significantly elevated
in patients with MPS IVA under 15 years of age compared
to control subjects, (6) that levels of mono- and di-sulfated
KS in the urine provide a clear difference between patients
with MPS IVA and MPS IVB and age-matched controls,
and (7) that blood mono- and di-sulfated KS levels are
significantly higher in patients with MPS II than those in
age-matched control subjects. In addition, total KS and
levels of sulfation depend on species and tissues examined.

KS is comprised of repeating sulfated disaccharide units
of Gal and GlcNAc (GalB1-4GlcNAcP1-3). The process of
KS biosynthesis consists of (1) N-acetylglucosaminylation,
(2) 6-sulfation of a GIcNAc residue, and (3) galactosylation.
KS polymers are extended by the action of glycosyltrans-
ferases that alternately attach Gal and GIlcNAc residues. KS
is generally sulfated on C (6) of GIcNAc, while the C (6) of
Gal is sulfated to a variable extent, depending on the tissue
and age (Bhavanandan and Meyer 1968).
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patients and control subjects were plotted on a semilogarithmic scale
(a, b) and regular scale (¢) with respect to age

In previous studies, we identified mono- and di-sulfated
KS using the same MRM condition of m/z 462 precursor
ion and m/z 97 product ion using LC-MS/MS, but the two
forms were not separately quantified completely (Oguma
et al. 2007a, b; Hintze et al. 2011), resulting in an overlap
of the values between mono- and di-sulfated KS. In this
study we detected and quantified the di-sulfated KS using
the m/z 542 precursor ion and m/z 462 product ion which is
specific to di-sulfated KS and confirmed that the peak of di-
sulfated KS is separated from the mono-sulfated KS as a
pure single peak by the LC column. Thus, we have
established more appropriate conditions for detecting
mono- and di-sulfated KS separately compared to the
previous method (Oguma et al. 2007a). We clearly show
that KS in shark cartilage is mostly di-sulfated, while in
bovine cornea mono-sulfated KS is dominant. This finding
is consistent with the fact that KS chains of fibromodulin in
cartilage are highly sulfated compared to that in the cornea
(Lauder et al. 1997; Nieduszynski et al. 1990). Our data
also show that the level of both mono- and di-sulfated KS
in the blood of control subjects decline with age, while the
degree of sulfation (i.e., proportion of di-sulfated KS in
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total KS) increases with age. Both mono- and di-sulfated
forms of KS are found in the growth plates, articular
cartilage, ECM, cornea, and brain. This age-dependent
alteration of KS level in the plasma/serum can be explained
by decreased KS synthesis after the growth plate is closed.

An increase of sulfation in blood and urine KS is
compatible with that observed in the cartilage and cornea
during normal aging (Liles et al. 2010; Brown et al. 1998).
Gal sulfation levels increase during adolescence and early
adulthood and then remain fairly constant in human
articular cartilage (Brown et al. 1998).

KS is involved in specific biological functions including
tissue hydration, cellular recognition of protein ligands,
axonal guidance, cell motility, and embryo implantation
(Chakravarti et al. 1998; Weyers et al. 2013; Imagama et al.
2011; Funderburgh et al. 1997; Graham et al. 1994). KS has
been implicated in physiological and pathological status:
(1) cushion in joints, (2) glial scar formation in spinal cord
injury, (3) transparency in the cornea, and (4) skeletal
dysplasia in patients with MPS IV. However, the physio-
logical roles and distributions of the individual sulfated KS
and its increased sulfation with age are not fully understood
due to lack of accurate quantitative method to measure
mono- and di-sulfated KS. The current method will
shed light on the implication of physiological roles and
distributions of the individual sulfated KS.

Total KS level in the plasma/serum can be used as a
biomarker for MPS IVA (Tomatsu et al. 2008, 2010c,
2012b, 2013a; Hintze et al. 2011; Martell et al. 2011);
however, there are substantial overlaps of KS wvalues
between control subjects and MPS IVA patients, especially
for patients older than 15 years of age, and consequently
total KS alone is not a good biomarker for MPS IVA
patients of all ages. GALNS, an enzyme involved in the
first step of degradation of polymer KS, hydrolyzes the C
(6) sulfate of Gal from di-sulfated KS, Gal(6S)p1
— 4GIcNAc(6S), to produce mono-sulfated KS, Galpl
— 4GIcNAc(6S). Therefore, as GALNS is deficient in
patients with MPS IVA, di-sulfated KS would be expected
to increase in the plasma/serum more clearly than mono-
sulfated KS, as confirmed in this study. In this study, di-
sulfated KS was found to improve discrimination between
MPS IVA patients and controls compared to total KS and
mono-sulfated KS and consequently may be a better
biomarker for early diagnosis, screening, assessment of
disease severity, and monitoring therapeutic efficacy for
MPS IVA.

Levels of di-sulfated KS do not distinguish all MPS IVA
patients from controls and may be affected by disease
status. Most KS is synthesized in cartilage, and conse-
quently blood KS reflects the amount of KS derived from
cartilage. If cartilage turnover is reduced by prior loss,
reduced activity, or other means, total blood KS could be
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lower in MPS IVA patients than in controls. Reduced total
turnover of KS can be controlled in part by measuring the
ratio of di-sulfated KS in total KS. This ratio allowed us to
distinguish the two MPS IVA patients under 20 years of age
who had low levels of di-sulfated KS from controls.
Overall, this study has shown that the level of di-sulfated
KS distinguishes patients with MPS IVA and control
subjects better than that of mono-sulfated KS alone.

It is noteworthy that levels of KS are elevated in the
blood from not only MPS IVA patients but around 90% of
MPS 1I and other types of MPS patients (Tomatsu et al.
2005; Rowan et al. 2013; current study). The level of KS in
the blood from MPS II patients was as high as that seen in
MPS IVA patients. MPS 1II is caused by deficiency of
iduronate-2-sulfatase, an enzyme that is not directly
involved in the degradation of polymer KS, and conse-
quently the mechanism of elevation of KS in these patients
must differ from that seen in MPS IVA patients. In contrast
to results from the blood, only 35% of levels of KS in the
urine from MPS II patients were more than 2SD above the
mean of age-matched controls. Several mechanisms have
been proposed to account for a secondary elevation of
blood KS in patients with MPS II and other types of MPS
(Tomatsu et al. 2005): (1) Synthesis of KS could be induced
by inflammation caused by storage of other GAGs. (2)
GALNS activity could be inhibited by the increased
concentrations of heparan sulfate in patients with MPS II
(and some other MPS types) (Rowan et al. 2013). (3) KS
secretion into the circulation could be due to damage of
cartilage and its ECM caused by accumulation of other
GAGs and its subsequent inflammation. It is well known
that the degradation of proteoglycans occurs early in joint
damage and that fragments are released into the synovial
fluid and subsequently the serum (Dingle et al. 1975;
Ratcliffe et al. 1988). Blood KS levels have been associated
with severity of skeletal dysplasia in mouse models of MPS
I, I, IVA, and VII (Rowan et al. 2013). (4) Polymer KS
could be co-deposited with the other accumulated GAGs,
hindering the interaction between KS and its catabolizing
enzymes. (5) Alterations in the extent and distribution of
fucosylation, sialylation, and sulfation on KS could make
KS resistant to degradation (Tai et al. 1994). One or a
combination of these mechanisms could contribute to a
secondary elevation of KS. Regardless of the mechanism,
our data show that KS levels in the blood is a good
biomarker for MPS 1II and is better at distinguishing MPS 11
patients from controls than KS levels in the urine. A larger
study including more patients with MPS II and other types
of MPS will be required to establish age-dependent changes
of KS in these disorders.

We did not see a significant elevation of either sulfated
form of KS in the plasma/serum of patients with MPS IVB.
Patients with MPS IVB have a milder phenotype compared
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with those in MPS IVA, so lower levels of secretion of KS
would be expected. The proportion of di-sulfated KS in
patients with MPS IVB is not as high as that seen in MPS
IVA. There were only 5 MPS IVB patients in this study,
and none have severe disease and none were younger than
12 years of age. Further studies including younger and
severe-type patients with MPS IVB are required to
determine the significance of sulfation levels of KS for this
disorder.

Urine mono- and di-sulfated KS showed an age-
dependent decline, similar to that seen for sulfated KS in
the plasma/serum. Elevation of total urine KS in patients
with MPS IVA has been reported (Tomatsu et al. 2010c;
Martell et al. 2011). KS in the urine more clearly
distinguishes patients with MPS IVA and MPS IVB from
age-matched controls than levels in the plasma/serum, even
for older patients. All urine samples from the five MPS IVB
patients had a ratio of di-sulfated KS to total KS that is
lower than that in age-matched controls. While deficiency
of GALNS in MPS IVA would be expected to increase the
proportion of di-sulfated KS, deficiency of B-gal in MPS
IVB would not be expected to have any direct effect on
sulfation levels. A larger study with more control subjects
and patients is required to establish di-sulfated KS in the
urine as a biomarker for MPS IVA and MPS IVB and to
determine the mechanism by which sulfation levels are
affected differentially in the plasma/serum and urine of
MPS IVA and IVB patients.

Nevertheless, the proportion of di-sulfated KS in total
KS in urine appears to be a useful biomarker to distinguish
patients with MPS IVA and MPS IVB. Although not tested
in this study, the measurement of mono- and di-sulfated KS
could be potentially useful for monitoring the outcome of
ERT and other therapies for MPS TVA.

Conclusions

In conclusion, we have developed a method to evaluate
mono- and di-sulfated KS levels in a variety of specimens
by LC-MS/MS systems, leading to understanding of
species-specific and/or tissue-specific KS level and its
sulfation level, and the age-dependent alteration of KS
and its sulfation level. Significant difference in sulfation
levels of KS between control subjects and patients with
MPS IVA demonstrates that the di-sulfated KS is a potential
biomarker for this disease.
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Highlights

e Sulfation level of KS varies with age and species.
® Importance of level of di-sulfated KS and ratio of KS

sulfation.

® Di-sulfated KS can be used as a biomarker for several
types of MPS.

® Jevel of blood KS is age dependent and species
dependent.

® The reader will understand the importance of a new
biomarker for MPS II, IVA, and IVB.
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Abstract Introduction: Nearly all children in Canada with
an inherited metabolic disease (IMD) are treated at one of
the country’s Hereditary Metabolic Disease Treatment
Centres. We sought to understand the system of care for
paediatric IMD patients in Canada in order to identify
sources of variation and inform future research priorities.

Methods: Treatment centres were contacted by email and
invited to complete a web-based survey. The questionnaire
addressed, for each centre, the population size served and
scope of practice, available human resources and clinic
services and research capacity. Survey responses were
analyzed descriptively.

Results: We received responses from 13 of the 14
treatment centres invited to participate. These centres
represent at least 85% of the Canadian population, with
over half of the centres located in southern Ontario and
Quebec. All centres reported paediatric patients with IMDs
as their main patient population. A variety of dedicated staff
was identified; every centre reported having at least one
physician and one dietician. The most common ancillary
services available included telehealth (11/12 respondents)
and biochemical genetic laboratory testing (10/12), with a
high variability of access to on-site laboratory tests. A
majority of centres indicated access to additional off-site
services, but barriers to these were reported. All but one
centre indicated previous experience with research.

Conclusions: The variation we identified in the organi-
zation of care highlights the need to investigate the
association between practice differences and health out-
comes for paediatric IMD patients to inform policies that
establish equitable access to services that are beneficial.

Introduction

Although individually rare, collectively, inherited metabolic
diseases (IMDs) represent a substantial population health
burden in Canada and internationally. Studies have estimated
the Canadian birth prevalence for diagnosed IMDs to be from
11in 2,500 to 1 in 1,900 (Applegarth et al. 2000; Auray-Blais
et al. 2007). The currently observed Canada-wide preva-
lence of all IMDs is likely somewhat higher than both these
estimates, due to a number of factors including improved
identification strategies such as expanded newborn screen-
ing (Schulze et al. 2003; Wilcken et al. 2003), improved

S. Stockler - C. Van Karnebeek
BC Children’s Hospital, Vancouver, BC, Canada V6H 3V4

L. Turner
Memorial University, St John’s, NL, Canada A1B 3X9

L. Turner
Janeway Children’s Health Centre, St John’s, NL, Canada
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diagnostic services and awareness of less recognized
conditions, longer survival for IMD patients due to newly
developed therapies and immigration of populations at
higher risk of particular IMDs.

The majority of health care in Canada is publically
funded to provide care to all based on need rather than
ability to pay (Health Canada 2011). Public health
insurance programmes in all provinces and territories cover
both primary and secondary physician and hospital care,
with limited coverage for allied health services outside of
hospitals (Health Canada 2011). Coverage for pharmaceut-
icals and other products relevant to IMD, such as medical
foods or supplements, varies amongst provinces and
territories (Health Canada 2011). Nearly all children in
Canada diagnosed with an IMD receive specialized care at
one of 16 Hereditary Metabolic Disease Treatment Centres.
At these centres, paediatric IMD patients have access to
specialist physicians and services to manage diagnosis,
treatment and follow-up care.

The goal of this study was to provide a broad overview
of the organization of specialized care for IMD children in
Canada, in order to identify areas of practice variation and
inform priorities for future research examining how service
provision affects outcomes. We invited Canadian Heredi-
tary Metabolic Disease Treatment Centres to complete a
survey to:

1. Describe their centre’s scope of practice, in terms of the
population and types of patients served

2. Identify the human resources available and the specific
clinical services offered or to which they have access

3. Describe their research capacity

Methods
Sample Selection and Survey Implementation

The recently established Canadian Inherited Metabolic
Diseases Research Network (CIMDRN) is a practice-based
research network that aims to inform care and ultimately to
improve outcomes for children with IMD in Canada and
beyond (Potter et al. 2013). Fourteen of the 16 Canadian
Hereditary Metabolic Treatment Centres form the practices
in this research network. By email, we invited one
metabolic physician at each of these 14 centres to
participate in the survey. Physicians were asked to seek
assistance from other knowledgeable staff at the centre as
needed. The survey was administered online, between
January and March 2013 using FluidSurveys (www.fluid-
surveys.com), a secure online questionnaire tool. Ethics
approval was obtained from The Children’s Hospital of
Eastern Ontario Research Ethics Board.
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Questionnaire Content and Data Analysis

Survey questions were divided into three categories:

1. Scope of practice (patient populations)
2. Human resources and clinic services
3. Research capacity

The questionnaire required approximately 30 minutes to
complete. We used Microsoft Excel (2011) to conduct
descriptive analysis, reporting relevant means and propor-
tions.

Results
Scope of Practice

Of the 14 centres invited to participate in the survey, we
received completed surveys from 13 (response rate of
93%). These 13 centres care for the majority of IMD
children in all ten provinces and three territories in Canada,
serving geographic catchments with populations of 500,000
to over six million and representing at least 85% of the
Canadian population (Fig. 1). Over half of the participating
centres are located in southern Ontario and Quebec (Fig. 1).
Five centres were classified as large clinics serving
populations of over two million, four centres were
considered mid-sized serving >1-2 million people and
the remaining four were classified as small serving one
million or fewer people.

All centres reported their main patient population as
IMD patients; phenylketonuria (PKU) was the most
common diagnosis. Some clinics also reported providing
services to patients with non-IMD conditions (e.g. neuro-
logic disorders, autism, other genetic diseases). All centres
reported at least 20 paediatric IMD patients currently in
their care; six centres (46%) reported having over 100
paediatric IMD patients. Eight respondents indicated a
second clinic in their catchment area providing some
diagnostic or treatment services to IMD patients; these
were mainly neurology clinics or adult care facilities and a
specific clinic in New Brunswick for PKU patients. Four
(31%) centres reported a separate adult clinic in the same
catchment area to help manage the transition from
paediatric to adult care; 12/13 centres reported having adult
(>18 years old) IMD patients under their care, including
pregnant women.

Human Resources and Clinic Services
All participating centres reported at least one physician and

one registered dietician on staff. Other staff identified
included nurses, genetic counsellors, pharmacists, psychol-

ogists, social workers, administrative assistants and
research coordinators (Fig. 2a). Number of staff varied
across centres (Fig. 2b), and as expected, larger centres
reported more staffing resources. Roles for staff members
included clinical, administrative, teaching and research
responsibilities. Physicians, nurses, dieticians and genetic
counsellors are most heavily involved in primary patient
contact, initial consultations and case coordination, with
some contributions from social workers and psychologists.
77% (10/13) of centres reported that they use an inter-
professional model of care for their patients. We defined
‘inter-professional care’ in the questionnaire as an
integrated approach to health-care delivery in which the
collaboration amongst practitioners of different disciplines
or with different skills and knowledge allows for the
delivery of patient health care by the most appropriate
health-care practitioner.

The most common ancillary services provided by the
centres (i.e. in addition to direct patient care) were
telehealth (11/12 centres who responded to these ques-
tions), biochemical genetic laboratory testing (10/12), a
specialized pharmacy (8/12) and a dispensary for medical
foods/supplements (8/12). Patient/family workshops (7/12)
and patient/family support groups (6/12) were also
provided by some centres. Over 80% of the centres reported
access to other services for patients and families, either
within or outside the clinic. These services included
additional prenatal genetic diagnostic care (11/13 centres),
genetic counselling (10/12) and social work (11/13). When
asked about barriers to patients’ access to services, several
centres reported challenges associated with access to nutri-
tional services (e.g. feeding devices, parenteral nutrition)
and psychological services, mainly due to long wait lists
and/or being located off-site. There was high variability
amongst the 12 centres that reported on the availability of
specific on-site laboratory tests (Table 1). The tests most
commonly available were urinalyses for organic acids and
plasma/urine amino acid analyses (92% of centres).

Research Capacity

Twelve of the 13 responding centres (92%) indicated
previous involvement with research including industry-
funded trials (11/12 centres), survey or interview-based
studies (9/12), diagnostic studies (8/12), retrospective
studies using chart abstraction (7/12) and nonindustry-
funded trials (5/12). Staff responsibilities specific to
research were highly variable, but involvement
included physicians, nurses, dieticians, genetic counsellors,
administrative assistants and research coordinators. Impor-
tant reasons for participating in research included: contri-
buting to the improvement of care for IMD patients
(100%), contributing to the scientific understanding of

@ Springer
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Fig. 1 Population density map of Canada using the most recent
census data (Statistics Canada 2011) indicating the location of all 16
Hereditary Metabolic Disease Treatment Centres. Centres participating

IMDs (100%) and building professional and inter-centre
relationships (92%). Centres expressed barriers to involve-
ment in research related to workload (100%) and concerns
about research sustainability due to limited funds (85%).

Discussion
Summary and Interpretation

We found important variation in the organization of care in
Canada for paediatric IMD patients. Variation in IMD
management has been noted in other jurisdictions (Leonard
2006), and although the results of our survey are from
Canadian clinics, there is much that could be pertinent to

@ Springer

in CIMDRN are indicated in yellow. Centres highlighted in green
were not part of CIMDRN at the time of data collection. Survey data
was collected from January—March 2013

health care for IMDs internationally. Specifically, the
variation we identified highlights the need for evaluative
evidence to better understand whether these differences in
care are associated with differences in patient outcomes and
provides an opportunity to generate that evidence using
observational study designs that capitalize on practice varia-
tion as ‘natural experiments’ (Horn and Gassaway 2007).
Our survey results demonstrate variation in human
resources and services available at Canadian IMD treatment
centres. This variation in clinical infrastructure may reflect
clinical heterogeneity in the complex needs of patients with
different types of IMDs, including the needs of specific
high-risk populations at some of the centres (e.g. First
Nations or founder populations, immigrant communities).
Further research is needed to determine a more specific
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Staff Position Full-time Equivalent (FTE) Staff
Median Minimum Maximum
Physician 1 0.3 4.5
Nurse 0.5 0 3
Dietician 1 0.2 2.8
Genetic Counsellor 0.1 0 2
Psychologist 0 0 0.5
Social Worker 0.1 0 1
Pharmacist 0 0 0.2
Administrative Assistant 0.6 0
Research Coordinator 0 0

Fig. 2 (a) Proportion of IMD centres (n = 13) reporting staft position at their centre and (b) median number of full-time equivalent staff for
participating IMD centres (n = 13), indicating minimum and maximum values

profile of IMD patients across centres; precise patient
numbers for these rare diagnoses are challenging to
estimate accurately, as is the distribution of patients by
age, ethnic background, disease severity and presence of
co-morbidities. Alternatively, differences may reflect differ-
ences in provincial/territorial health service organization
and prioritization.

Similar to trends in both the United States and the
United Kingdom, we also found that many adult IMD
patients in Canada are being treated in paediatric centres
(Burton et al. 2006; Berry et al. 2013). Consideration of the
transition from paediatric to adult health care is a current
priority as new therapies make it possible for greater
numbers of IMD patients to survive into adulthood
(Dionisi-Vici et al. 2002; Lee 2002; Miitze et al. 2011).
There is growing evidence that suggests it is beneficial for

centres to establish transition protocols and, depending on
the volume of patients in a centre, separate clinics for adult
patients (Lee 2002; Miitze et al. 2011; Sirrs et al. 2014).

Not surprisingly, centres that serve a larger population
have more resources. However, what is not known is the
ratio of resources to patients at the centres, whether the
organization of resources at the centres is effective or not
and how these factors are linked to clinical and patient-
centred outcomes. There is also limited evidence regarding
the value of allied health services for particular IMD
populations, such as psychology and occupational therapy.
Similar to our study findings, barriers to these services have
been reported elsewhere (Camfield et al. 2004; Berry et al.
2013). Research to answer these questions is necessary to
determine what resources and services should be offered at
each centre to optimize health outcomes.

@ Springer
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Table 1 Summary of laboratory tests available on-site at participating
IMD centres (n = 12)

Test provided % “Yes’
Organic acid analysis 92
Plasma/urine amino acids 92
Total and free carnitine 67
Bloodspot phenylalanine 67
Bloodspot acylcarnitine profile 58
Plasma acylcarnitine profile 50
Lysosomal enzymology 50
Urine MPS fractionation 42
Urine oligosaccharide fractionation 42
Respiratory chain enzymology 33
mtDNA point mutation analysis 33
mtDNA quantification and deletion/duplication 25
analysis
Other analytes (e.g. purines, succinylacetone, 67
VLCFA, etc.)
Other enzymology (e.g. VLCAD, Gal-1-PUT, etc.) 42
Other molecular analyses for IMD 33
Other bloodspot tests 33

Note: Data were missing on this survey question for one of the
participating centres

In addition to availability, access is another concern.
Although the location of the treatment centres is propor-
tionate to the geographic distribution of the Canadian
population, as well as the birth prevalence of IMDs,
patients living in more northern or remote areas have to
travel a considerable distance for specialized metabolic
care. Further research is needed to determine ascertainment
of IMD patients in remote areas and how clinical and
patient-centred outcomes are affected by having limited
geographic access to services. There were several centres
with only one dedicated IMD physician. This may pose
problems with access to care for IMD patients outside
regular hours. Although our survey was not able to delve
into this issue in detail, it is an important consideration for
further study. Services such as laboratory testing can be
accessed elsewhere; however, turnaround time, costs and
quality assurance are important to consider. All centres
must send out samples for some metabolic and/or genetic
testing as not even the largest centres are able to perform all
relevant testing, thus adding another source of variation
amongst centres which could potentially impact on care
delivery. This issue also raises the question of whether
some services can be effectively delivered in patients’ home
communities rather than at a distant metabolic clinic.

Although Canada has established centres to provide care
for IMD patients, the variation in clinical infrastructures we
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identified reflects the lack of a central mechanism to guide
minimum care standards. This is further exemplified with
the lack of a national strategy for newborn screening. In
Canada, newborn screening programmes are unique to each
province and territory, differing in the panel of disorders
screened, technologies used, follow-up processes, legal
structures and governance (Therrel and Adams 2007
Wilson et al. 2010; Morrison and Dowler 2011). Canada
also lacks a national metabolic laboratory network that
could set standards and provide coordination for
biochemical genetic laboratory tests, on which IMD
patients rely for diagnosis, monitoring and informing
treatment (Burton et al. 2006; Leonard 2006; Leonard and
Morris 2006). Reimbursement decisions for drug funding
also differ across the provinces and territories. Health
Canada recently announced the development of a Canadian
orphan drug framework intended to provide Canadians with
better, timelier access to orphan drugs and to encourage and
facilitate clinical research in the area of rare diseases
(Lee and Wong 2014). Once practice-based research studies
have determined what aspects of the system of care have
the greatest impact on health outcomes for IMD patients, a
mechanism to implement research findings nationally will
be critical.

In conclusion, although the majority of Canadian
paediatric IMD patients are receiving care from one of the
Hereditary Metabolic Disease Treatment Centres, the
specific resources and services available vary greatly across
the country. This variation in the organization of care for
IMDs across Canada presents a unique opportunity for
observational practice-based research to determine whether
patterns of care are associated with clinically significant
differences in patient outcomes.

Limitations

Despite a high response rate (93%), our study was limited
by the small number of responding centres (n = 13),
because of the small number of IMD treatment centres in
Canada. Nevertheless, the geographic catchments served by
the responding centres support the representativeness of our
sample. The three ‘missing’ centres would likely add
further variation to that found amongst the surveyed
centres. Survey questions were broad to account for
variability amongst clinics; however, some important
details may have been missed that could help explain some
of the observed variation in services.
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Variation in the organization of care for paediatric IMD
patients in Canada identifies a need to investigate the
association between practice differences and health out-
comes to enable policy development that will ensure access
to services that are effective, equitable and affordable.
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Abstract Maternal phenylketonuria (MPKU) is a well-
recognized complication of PKU and one of the most
potent teratogenic syndromes of pregnancy. Virtually all
offspring from untreated pregnancies in women with classic
PKU have intellectual disabilities and microcephaly. Con-
genital heart disease and intrauterine growth retardation
occur many times more often than expected in the general
population. Control of maternal blood phenylalanine during
pregnancy prevents most if not all of these complications.
Previous studies demonstrated the benefits of treatment in
terms of birth parameters and early development. In this
study, physical examinations, a medical history, and
neuropsychological evaluation were obtained in 47 children
from 24 mothers with PKU who received treatment during
pregnancy. Mothers were interviewed and administered an
abbreviated IQ test. Associations between maternal factors
and offspring outcomes were also analyzed.

The 21 male and 26 female offspring ranged in age from
1 month to 26 years with 21 (62%) over 6 years. Results
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indicated mean intercanthal distances above the 70th
percentile. Microcephaly was present in 19% of offspring,
with head circumference below the third percentile. None of
the offspring had cardiac anomalies. Mean offspring 1Q was
94 + 19, with 12% performing in the range of intellectual
disability (IQ < 70). Among children >5 years of age, 25%
had learning disabilities, 31% had attention deficit hyperac-
tivity disorder (ADHD), 22% were on ADHD medication,
and 34% had a diagnosis of anxiety and/or depression.
Among the 24 mothers, 12 reported following the diet for
PKU. Only one woman on diet had a blood phenylalanine
concentration <360 pumol/L (recommended range) and the
majority had indications of poor nutritional status. Mean
maternal Full Scale IQ was 94 4+ 16 (range = 61-117),
with 25% performing in the borderline intellectual range
(IQ < 85). Verbal IQ was significantly lower than Perfor-
mance 1Q (p = 0.01, CI 2.7, 16.1). On the self-report Beck
Depression Inventory, Second Edition, 25% received scores
indicating mild to moderate depression, and on the Beck
Anxiety Inventory, 46% reported mild to moderate anxiety.
Offspring 1Q correlated with maternal metabolic control
during pregnancy ( = 0.51), maternal IQ (» = —0.62), and
socioeconomic position (r = —0.48). Offspring with
ADHD, learning disabilities, or emotional disturbances
were more likely to have mothers with anxiety and/or
depression. To ensure optimal offspring outcomes, health-
care providers need to assess maternal nutrition, blood
phenylalanine concentrations, cognitive abilities, and socio-
economic position. Interventions can then be initiated that
reduce psychosocial stressors and enhance adherence to diet
and positive parenting, which in turn can lead to better
cognitive functioning, behavior, and emotional well-being
in their children.
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Introduction

Maternal phenylketonuria (MPKU) is a well-recognized
complication of PKU and one of the most potent terato-
genic syndromes of pregnancy. Virtually all offspring from
untreated pregnancies in women with severe PKU have
intellectual disabilities and microcephaly. Congenital heart
disease and intrauterine growth retardation occur many
times more often than expected in the general population
(Lenke and Levy 1980). The frequencies of these abnor-
malities in offspring are lower when the woman has a
milder form of PKU but are still much greater than
normally expected (Lenke and Levy 1980; Levy et al.
2003; Giittler et al. 2003).

Control of the maternal blood phenylalanine during
pregnancy prevents most if not all of these complications
(Lenke and Levy 1980; Rohr et al. 1987; Koch et al. 2003).
The International Maternal PKU Collaborative Study
(MPKUCS), a prospective, longitudinal study, showed that
this was especially true if dietary therapy with control of
maternal phenylalanine began before pregnancy or within
the first 6 weeks of gestation (Koch et al. 2003.) In the
MPKUCS, 228 children who were born to mothers with
treated PKU or untreated mild hyperphenylalaninemia were
compared to 70 control subjects at 7 years of age. Offspring
cognitive outcome negatively correlated with the number of
gestational weeks that elapsed until maternal metabolic
control was achieved (r = —0.61). Behavioral outcome
was similarly affected. Postnatal measurement of stimula-
tion in the home was also related to offspring 1Q (Waisbren
and Azen 2003). However, the MPKUCS followed off-
spring only to age 7 years, thus was not able to evaluate
cognitive performance into the more challenging school
years.

The ability of the mother with PKU to provide a secure
and intellectually stimulating environment for her offspring
needs further examination. Poor metabolic control in adults
with PKU is associated with deficits in executive function-
ing, including planning, organization, and behavioral
inhibition as well as fatigue, health problems, depression,
and anxiety (Koch et al. 2010; Brumm et al. 2010), all of
which may limit parenting ability and result in a suboptimal
environment for the offspring.

In this study, we examined offspring, ages 1 month to 26
years, from treated maternal PKU pregnancies and analyzed
associations between maternal factors, including current
adherence to recommendations for treatment, and offspring
outcomes, such as cognitive abilities and emotional/behav-
ioral characteristics.
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Methods
Participants

Families with children in which the mother has PKU
requiring dietary treatment (excluding non-PKU mild
hyperphenylalaninemia) were invited to participate in this
study. Classification of degree of PKU in the mothers was
established as set forth by the European multicenter study
(Guldberg et al. 1998) and was based on at least two of the
following indictors: confirmatory or untreated blood phe-
nylalanine level; dietary tolerance for phenylalanine; and
phenylalanine hydroxylase (PAH) genotype. The study was
approved by the institutional review board (IRB) of Boston
Children’s Hospital. The parents and children in each
family were seen in the Clinical and Translational Study
Unit (CTSU) of Boston Children’s Hospital. The mother in
each family as well as all offspring above the age of 6 years
gave informed consent/assent. Nine fathers consented
to having a photo taken for comparison of offspring
physiognomy.

Evaluations
Clinical

A detailed health history was obtained from the mothers
and a health and developmental history was obtained on the
offspring. The mothers and offspring received a general
physical examination as well as a neurologic assessment.
Dysmorphology in offspring was evaluated through meas-
urements of inner and outer canthal distances, interpupillary
distance, lengths of the palpebral fissures, and the lengths
of both ears (Hall et al. 2007). Frontal and side photographs
of the face were obtained on the offspring and, for
comparison, on the mothers and fathers. Parental photo-
graphs allowed for identification of dysmorphic features
associated with maternal PKU and not simply reflective of
familial characteristics.

Nutrition

Mothers were interviewed about their current diets (includ-
ing a questionnaire about the use of medical foods,
avoidance of protein, and other nutrition therapies) and
asked to provide a 24 h diet recall. Laboratory studies
included plasma amino acids, hemoglobin and hematocrit,
prealbumin, 25-hydroxy vitamin D, red blood cell folate,
iron, ferritin, zinc, and vitamin B;,. The mother’s
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adherence to diet during pregnancy was assessed by the
review of pregnancy blood phenylalanine results, and
assignment was made into one of three categories: (1)
Excellent: on diet prior to conception, blood phenylalanine
<360 pmol/L throughout pregnancy; (2) Good: on diet
prior to conception, blood phenylalanine <360 umol/L by
10 weeks gestation; (3) Fair: blood phenylalanine
<600 umol/L by second trimester; and (4) Poor: on diet
after conception and blood phenylalanine not in control
until the second trimester or after.

Neuropsychological

Mothers were administered the Wechsler Abbreviated Scale
of Intelligence (WASI) (Wechsler 1999). They also com-
pleted self-report measures of adaptive behavior (Adaptive
Behavior Assessment System—Second Edition (ABAS-II))
(Harrison and Oakland 2003), executive functioning
(Behavior Rating Inventory of Executive Functioning
(BRIEF)) (Gioia et al. 2000), anxiety (Beck Anxiety Index
(BAI)) (Beck and Steer 1993), and depression (Beck
Depression Index—Second Edition (BDI-II)) (Beck et al.
1996).

The offspring were administered age-appropriate meas-
ures of intellectual development: Bayley Scales of Infant
and Toddler Development, Third Edition (Bayley 2003), for
children less than 36 months of age; Wechsler Preschool
and Primary Scales of Intelligence, Third Edition (WPPSI-
III) (Wechsler 2002), for ages 4—6 years; and the WASI for
offspring ages 7 years and older. In addition, the offspring
completed the Beery-Buktenica Developmental Test of
Visual Motor Integration, Sixth Edition (VMI) (Beery
et al. 2010), which measures visual-spatial abilities and
fine motor coordination. The mothers rated their children
using age-appropriate forms of the ABAS-II, BRIEF, and a
measure of emotional well-being, Behavior Assessment
System for Children, Second Edition (BASC-II) (Reynolds
and Kamphaus 2003).

Statistical Analyses

We report descriptive statistics for the offspring and mother
characteristics and outcomes, including mean and standard
deviation or median and range as appropriate. Two-group
comparisons of continuous variables use the Wilcoxon
rank-sum test of median values, and comparisons of
categorical variables use Fisher’s exact test. For distribu-
tional reasons, we report Spearman’s correlation coeffi-
cients for rank associations of continuous variables.
Because of multiple child observations per mother, we use
a Monte Carlo bootstrap approach with 10,000 iterations to
calculate 95% confidence intervals (Cls) and p-values for
correlations of child and maternal outcomes. Similarly we

Table 1 Sample demographics

Mean + SD, range or n (%)

Mothers (n = 24)

Age (years) 39 +7,24-49
Education (years) 14 £+ 3, 9-18
Hollingshead—Redlich social position 39 £ 19, 15-73
Marital status
Married 19 (79)
Single 3 (13)
Divorced 2 (8)
Offspring (n = 48)
Mean + SD age (years) 8.5 £ 6.2, 0-26
Ages 0-3 years (infancy) 12 (26)
Ages 4-5 years (preschool) 6 (13)
Ages 6—18 years (school age) 26 (55)
Ages 19+ years (adult) 3 (6)

Sex 21 males (44)
27 females (56)

used linear models fit with generalized estimating equations
(GEE) to compare mean values of child outcomes between
groups.

Results
Sample Demographics

The 24 mothers were well into their childbearing years
(Table 1) and 10/24 (42%) completed a bachelor’s degree in
college. The majority were married and had middle-class
socioeconomic status. The Hollingshead Index of Social
Position (Hollingshead 1957) ranged from 15 to 73, where
low scores indicate higher levels of education and employ-
ment. In our sample, 9/23 (39%) families were in the lowest
two Hollingshead social positions (scores >43).

There were 77 pregnancies among the mothers with 56/
77 (73%) of pregnancies resulting in live births (including
2 sets of twins), 16/77 (21%) spontaneous abortions, and
5/77 (6%) terminations. Of the 58 live births, one offspring
suffered asphyxia at birth, with associated cerebral palsy,
and was excluded from the study since her condition was
judged by her physicians as not related to her mother’s
PKU. One offspring with PKU was included since he had
been in excellent metabolic control since birth. An
additional 10/58 (17%) were unavailable due to living in
another state, working or no longer in contact with the
mother. A total of 47 offspring (81%) were available for
study. The majority were of school age or older, with 29/47
(62%) ages 6—18 years. Also included in the sample were
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Table 2 Offspring cognitive and emotional outcomes

Outcome Mean £+ SD Range n (%) outside normative range®
Bayley scales of infant and Toddler development, third edition (ages < 3 years)

Bayley cognitive 113 £ 12 95-130 0/9 (0)
Bayley language composite 112 £ 12 94-132 0/9 (0)
Bayley motor composite 101 + 11 82-124 1/9 (11)
Intelligence test (WPPSI-III or WASI) (ages > 3 years)”

Full Scale 1Q 94 £ 19 53-138 9/36 (25)
Verbal 1Q 94 + 20 55-150 12/36 (33)
Performance 1Q 97 £ 17 56-127 7/36 (19)
Vocabulary subtest (WASI) 45 +£ 13 20-69 8/24 (33)
Block design subtest (WASI) 48 £ 11 23-65 4/24 (17)
Similarities subtest (WASI) 44 + 12 20-66 8/24 (33)
Matrix reasoning subtest (WASI) 48 + 14 20-65 524 (21)
Visual-spatial skills

Visual motor integration test (VMI) 89 + 16 45-118 10/33 (30)
Adaptive behavior assessment system, second edition (ABAS-II)

General adaptive composite (GAC) 97 + 19 43-130 9/45 (20)
Conceptual 99 + 20 49-133 11/46 (24)
Social 102 £+ 17 61-133 8/46 (17)
Practical 92 + 18 42-120 11/46 (24)
Behavior assessment system for children, second edition (BASC-2)

BASC somatization 46 + 11 33-69 6/38 (16)
BASC attention problems 50 £ 10 33-76 6/38 (16)

? Thresholds indicating performance within normative range on neuropsychological measures:

— >85 for BSID, IQ, VMI, and ABAS-II scales
— >40 for WASI subtest scores
— <60 for BASC-2

®24 offspring received a WASI and 12 preschool children received the WPPSI-III

12 infants (<3 years), 6 preschool-aged children (ages 4—5
years), and 3 young adults (ages 19-26 years). Among the
47 offspring, 18 (38%) were from pregnancies in which
adherence to medical recommendations was rated as
excellent, 15 (32%) in which adherence was good, 10
(21%) in which adherence was fair, and 4 (9%) in which
adherence was poor.

Offspring Outcomes
Dysmorphology

The only facial dysmorphology noted in the offspring was
hypertelorism; the mean percentile distances were
73 £ 25% for the inner canthal distance, 89 4+ 12% for
outer canthal distance, and 83 £ 22% for the interpupillary
distance. Other features of facial dysmorphology that have
been reported in treated MPKU such as epicanthal folds,
elongated and smooth philtrum, and high-arched palate
were not observed. Comparisons between facial photo-
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graphs of maternal PKU offspring and their parents
revealed no other dysmorphic findings. None of the
offspring had congenital heart disease. The mean head
circumference of the offspring was in the 48th percentile
but with the wide range of <3-99%. Nine (19%) of the 47
offspring had head circumference <3 percentile, indicating
microcephaly.

Cognitive Functioning and Emotional Well-Being

Child cognitive and emotional outcomes are presented in
Table 2. The mean Cognitive, Language, and Motor
Composite scores on the Bayley Scales of Infant and
Toddler Development, Third Edition, were well within the
average range (85—115). Infants received a mean DQ of
113 £ 12, while preschool children attained a mean IQ of
96 + 19 and older children attained the same mean Full
Scale IQ of 96 + 19. The mean IQ for the three adults in
the study was 81 £ 15, considerably lower than the 1Q of
the school-aged children. The correlation between age and
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Full Scale IQ in offspring over age 3 years was -0.32
(p = 0.06). Overall, 6/26 (23%) offspring attained a Full
Scale IQ in the borderline range (IQ 70-85) and 3/26
(12%) performed in the range of intellectual disabilities
(IQ < 70). Difficulties in fine motor coordination and
visual-spatial skills were noted on the VMI, for which the
child is asked to copy a series of increasingly complex
geometric figures. The mean score on the VMI was
89 £ 16, with 10/33 children (30%) at least one standard
deviation below the normal mean of 100.

The mean score on the ABAS-II General Adaptive
Composite (GAC) was comparable to Full Scale 1Q. The
mother’s responses indicated that children had relative
weaknesses in the practical domain and strengths in the
social realm.

Scores on the Behavior Assessment System for Children,
Second Edition, were generally within the average range.
These mothers perceived their children as well adjusted and
well behaved. The only two scales with moderately
elevated scores were Somatization (physical complaints)
and Attention Problems, both with 6/38 (16%) in the at-risk
range.

However, the mother’s answers to direct questions
related to school functioning and medical intervention
suggest that maternal PKU offspring experience trouble-
some symptoms not readily detected by intelligence testing
or the parent questionnaires we administered. Among the
children at least 5 years of age, 8/32 (25%) had learning
disabilities, 10 had attention deficit hyperactivity disorder
(ADHD) (31%) with 7 on ADHD medication (22%), and
11 had been diagnosed with anxiety and/or depression
(34%). These percentages are above rates reported for the
general population in which 1.9% of children are known to
have learning disabilities (Brault 2012), 5.1% are labeled as
having ADHD (2014a), 6.5% are on medication for ADHD
in Massachusetts (ADHD 2014b), and 15-20% of children
suffer from anxiety or depression (Beesdo et al. 2009). In
addition, two children in our sample had been diagnosed
with bipolar disorder, and one teenaged boy suffered from
substance abuse.

Maternal Outcomes
Maternal Health and Nutrition

Among the 24 mothers, 16 (67%) had severe PKU, 6 (25%)
had moderate PKU, and 2 (8%) had mild PKU. History and
physical examination of the mothers did not reveal any
major abnormalities. One mother had a papular erythema-
tous rash on both arms, another mother had recurrent basal
cell carcinomas, and a third mother had mild eczema.
Among 22 mothers whose height and weight were
measured, 5 (23%) had body mass index (BMI) in the

normal range, 10 (45%) were overweight, 6 (27%) were
obese, and 1 (5%) was underweight. All 24 women
answered the questionnaire about diet practices, and 12
(50%) reported following a diet for PKU although 14
(58%) reported taking a PKU formula/medical food.
Among 12 women responding to a question about formula
consumption, 9 (75%) reported taking at least 75% of the
amount of prescribed medical food. Overall, 16/23 mothers
(70%) reported restricting protein intake.

Of the 10 women who reported being off-diet, 3 (30%)
stated that they restricted protein, and one of them also
reported taking medical food. Among the entire sample,
3/24 women (13%) were treated with tetrahydrobiopterin
(sapropterin dihydrochloride or Kuvan®), a cofactor for
phenylalanine hydroxylase. No women were treated with
large neutral amino acid (LNAA) therapy.

Laboratory indices of maternal nutritional intake are
presented in Table 3. Results are stratified by self-report of
phenylalanine-restricted diet. Laboratory values for phenyl-
alanine, tyrosine, vitamin B12, and RBC folate differed
significantly between the on- and off-diet groups. While the
on-diet group had significantly lower blood phenylalanine
compared to the off-diet group, overall only 3/23 mothers
(15%) had blood phenylalanine levels less than 600 pmol/L
at time of the study and none had blood phenylalanine
<360 umol/L.

Vitamin D was abnormally low in 1/3 (33%) of on-diet
mothers and 5/7 (71%) of those off-diet. Prealbumin values
were predominantly in the normal range, suggesting
adequate protein intake. Hemoglobin and hematocrit values
were normal and did not differ significantly between the
groups. Vitamin B12 and RBC folate were significantly
higher in the on-diet group.

Maternal Cognitive and Emotional Outcomes

As noted in Table 4, mean scores were within the average
range (85-115) on the Wechsler Abbreviated Scale of
Intelligence (WASI). The mean maternal Full Scale 1Q was
94 £ 16, with 6/24 mothers (25%) having a Full Scale
IQ < 85 (one standard deviation below the population
normal mean.) Maternal Performance 1Q was on average
9.4 points higher than Verbal 1Q, reflecting reduced
vocabulary and verbal reasoning abilities (p = 0.01, 95%
CI 2.7-16.1 points higher).

The ABAS-II measures self-reported functioning in a
variety of domains, including cognitive, social and practi-
cal. The mothers rated themselves slightly above the
population norm of 100 on all dimensions, with a mean
overall score of 110 + 10. Among the 23 mothers
completing this questionnaire, only 1 (4%) received a score
<85, which on this test similarly represents more than one
standard deviation below the population mean.
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Table 3 Median and range of dietary intake and laboratory findings in mothers with PKU on and off a phenylalanine-restricted diet (figure in
parenthesis indicates number of women with values out of recommended range)

On-diet (n = 12) Off-diet (n = 10) Reference values p-value®
Phenylalanine (umol/L) 816; 389-1,610 (10/12) 1,319; 395-1,934 (9/10) 120-600° 0.04
Tyrosine (umol/L) 47, 30-112 (1/12) 32;25-36 (5/9) 32-122 0.03
Prealbumin (g/dL) 27; 23-43 (1/12) 25; 20-35 (0/10) 20-40 0.64
Vitamin D (ng/mL) 40.2; 25.3-43.4 (1/3) 28.7; 21.2-39.2 (5/7) 30-80 0.34
Vitamin B12 (pg/mL) 844.5; 197-1,336 (6/12) 328; 223-859 (0/9) 211-946 0.02
Ferritin (mg/dL) 53.5; 18-108 (0/12) 67; 15-198 (2/9) 13-150 0.11
Hemoglobin (g/dL) 13.5; 12.4-14.3 (0/12) 13.2; 12.3-14.7 (0/9) 11.5-16 0.52
Hematocrit (%) 39.5; 35.8-43.1 (0/12) 38.5; 35.6-41.4 (0/9) 34-44 0.27
Plasma Zinc (ng/mL) 119; 58—-193 (4/12) 128.5; 94158 (1/8) 70-150 0.42
RBC folate (ng/mL) 922; 579-1,468 (3/12) 828; 417-862 (1/9) 468-1,258 0.03

? p-values from the Wilcoxon rank-sum test
®Recommended blood phenylalanine range for adults with PKU

Table 4 Maternal neuropsychological outcomes

Mean + SD Range Outside normal bounds® (%)
All mothers
Full Scale IQ" 94 + 16 61-117 6/24 (25)
Verbal 1Q 90 + 16 59-113 7/18 (39)
Performance 1Q 100 + 16 69-126 3/18 (17)
ABAS GAC 110 £ 11 83-128 1/23 (4)
ABAS Conceptual 106 £+ 18 39-120 2/23 (9)
ABAS Social 104 £+ 21 26-120 4/23 (17)
ABAS Practical 108 £+ 14 63-120 1/23 (4)
BRIEF GEC 46 + 10 35-76 1/23 (4)
Beck depression inventory 83 +£9.8 0-39 6/24 (25)
Beck anxiety inventory 6.7 £ 7.0 0-30 11/24 (46)
Mothers on formula
Full Scale 1Q 100 £+ 11 79-117 1/14 (7)
Verbal 1Q 96 + 13 80-109 3/9 (33)
Performance 1Q 105 £ 14 83-126 1/9 (11)
Beck depression inventory 5.8+72 0-26 2/14 (14)
Beck anxiety inventory 39+43 0-12 5/14 (36)
Mothers not on formula
Full Scale 1Q 86 £ 19 61-115 5/10 (50)
Verbal 1Q 85 £ 18 59-113 4/9 (44)
Performance 1Q 95 + 18 69—-123 2/9 (22)
Beck depression inventory 11.7 £ 12.1 0-39 4/10 (40)
Beck anxiety inventory 10.6 + 8.3 0-30 6/10 (60)

ABAS GAC Adaptive Behavior Assessment System, General Adaptive Composite; BRIEF GEC Behavior Rating Inventory of Executive Function,

Global Executive Composite

Thresholds for normal neuropsychological test measures used:

— >=85 for IQ measures
— <=64 for BRIEF GEC

— <=13 for Beck Depression Inventory
— <=7 for Beck Anxiety Inventory
#Six mothers received the 2-subtest form of the WASI, which yields only a Full Scale 1Q
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The mothers did not report themselves as having
difficulties in executive functioning, as measured by the
BRIEF. Of the 23 mothers completing this self-report
questionnaire, 1 (4%) received a score >65 on the Global
Executive Composite (GEC).

Emotionally, a different picture emerged, with 6/24
mothers (25%) receiving scores on the self-report Beck
Depression Inventory, Second Edition (BDI-II) > 13, indi-
cating mild to moderate depression, and 11/24 mothers
(46%) reporting mild to moderate anxiety on the Beck
Anxiety Inventory (BAI) with scores >7. These percen-
tages are higher than reported in the general population,
where annual rates are 9.5% for depression and 18.1% for
anxiety (Kessler et al. 2005).

Mean scores on all measures of cognitive functioning
were directionally higher for mothers on-diet (defined as
taking formula). Moreover, 2/14 on-diet mothers (14%)
self-reported depression on the BDI-II compared to 4/10
off-diet mothers (40%) (Fisher p = 0.19), and 5/14 on-diet
mothers (27%) self-reported anxiety on the BAI compared
to 6/10 off-diet mothers (60%) (Fisher p = 0.41).

Correlations Between Offspring Outcome and Maternal
Characteristics

As expected, offspring IQ correlated highly with maternal
metabolic control during pregnancy (» = 0.51, p = 0.002,
95% CI (0.19, 0.74)), maternal 1Q (» = 0.62, p = 0.0001,
95% CI (0.33, 0.81)), and the Hollingshead Index of Social
Position (Hollingshead 1957) (r = —0.48, p = 0.005, 95%
CI (—0.68, —0.12)). Offspring IQ was not associated with
current maternal blood phenylalanine level (r = —0.10,
p = 0.55, 95% CI (—0.44, 0.25)), diet status (on- or off-
diet) (mean difference 0.6, p = 0.96), or maternal marital
status (mean difference 4.6, p = 0.38).

Children whose mothers had depression or anxiety were
at risk for behavioral difficulties, psychiatric problems, and
learning disabilities: 7/11 (64%) of children with anxiety or
depression, 6/10 (60%) of children with ADHD, and 6/8
(75%) children with learning disabilities had mothers with
anxiety or depression.

Discussion

The purpose of this study was to obtain a longer-term
assessment of offspring from treated MPKU pregnancies
and to identify maternal and environmental characteristics
associated with offspring outcome. Published results of
offspring outcome from treated maternal PKU have been
limited to developmental studies of the neonatal and early
infancy periods or to cognitive assessments in the first few

years of childhood. The oldest offspring from treated
maternal PKU pregnancies in our previous New England
study was 4 years old (Rohr et al. 1987), and the
evaluations of offspring in the MPKUCS ended at age 7
years (Koch et al. 2003; Waisbren and Azen 2003). In this
study, 62% of the offspring were older than age 5 years
with the oldest age 26 years. This study extended the length
of follow-up into adolescence and early adulthood and also
examined emotional and behavioral characteristics of these
offspring. Particular attention was given to those factors of
PKU in the mothers that might affect their ability to provide
a secure and stimulating environment for their offspring.

None of the maternal PKU offspring in our study had
evidence of heart disease or a history of having had
congenital heart disease. The mean head circumference of
the 48th percentile was within the expected range for the
general population although in several instances, MPKU
might have had a lingering adverse effect on head growth
since 19% had a head circumference below the 3rd
percentile, lower than the 31% for microcephaly among
offspring in the MPKUCS. Facial dysmorphology included
evidence of hypertelorism, as previously reported (Rouse
et al. 1997, 2000), but other facial features reported as due
to MPKU were absent. In summary, we found growth and
somatic development in the offspring similar to the general
population.

Despite the variability in current adherence to the diet for
PKU, the majority of women who participated in this study
perceived themselves as functioning well in their daily
lives. Nonetheless, 25% performed in the borderline
intellectual range, much higher than the 12.3% reported in
epidemiological studies (e.g., Hassiotis et al. 2008) and
higher than the 15.9% expected based on the normal
population curve for IQ. Their mean IQ was 94, lower
than that of adults with PKU recently studied in Europe
(Weglage et al. 2013). In the study of 57 adults with PKU,
the mean 1Q was 100.6 compared to an IQ of 110.4 in a
matched control group. However, the group of mothers in
our study taking their medical food (formula) was 100, the
same as that in the European study. Nearly 40% of mothers
in our study were in the two lowest categories of
socioeconomic position. Closer examination of their scores
on tests of verbal expression, verbal reasoning, depression,
and anxiety revealed vulnerabilities that may have an
important impact on their parenting skills and hence on
their children’s development and well-being.

Within the general population, individuals with 1Q in the
borderline range are significantly more likely to be at social
disadvantage, experience neurotic disorders (such as anxiety
and depression), and suffer from substance misuse. They
take psychotropic medications and seek emergency services
at a higher rate but are not more likely to seek psychotherapy
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(Hassiotis et al. 2008). Other studies report that adults with
borderline IQ are at risk for poor occupational attainment and
depression (Seltzer et al. 2009).

Children of parents with borderline IQ, anxiety, or
depression also seem to be negatively affected, not so
much during the preschool period but after age 7 years,
with increased rates of conduct disorders and emotional and
attention problems (Whitely et al. 2011). Likewise in our
study of maternal PKU offspring, children under age 3
years exhibited fewer cognitive or behavioral deficits than
children older than 3 years. By school age, the children
were much more likely to have ADHD, learning disabil-
ities, and anxiety or depression than children in the general
population. This suggests that the deficits noted later in
childhood may be related not only to prenatal effects but
also to environmental circumstances, including the home
environment, maternal depression, anxiety, and educational
opportunities. We found that the majority of school-aged
maternal PKU offspring with behavioral disturbances,
emotional difficulties, or low IQ had mothers who were
depressed or anxious. The percentage of children with
psychiatric symptoms or low IQ may be even higher than
we reported, given that one mother appeared to be an
“outlier.” Her 5 offspring had a range of problems including
anxiety and depression, ADHD, low IQ, and learning
disabilities, but she rated herself as having no anxiety or
depression. Based on clinical observation and prior medical
reports, however, she experiences both anxiety and depres-
sion. If she had rated herself as such, all offspring with
ADHD, all with low IQ, all with learning disabilities, and
82% of those with anxiety and depression would have
mothers who were experiencing anxiety or depression.

While there was overlap between current maternal blood
phenylalanine results for the on- and off-diet groups,
median blood phenylalanine concentrations were lower in
the on-diet group. Notably, only one woman on diet had
blood phenylalanine concentration <360 pmol/L, which is
considered to be safe for an MPKU pregnancy (Vockley
et al. 2014). The typical “on-diet” approach for this
population consisted of taking about 75% of the prescribed
phenylalanine-free or low-phenylalanine medical food
(formula) for PKU and avoiding high-protein foods such
as meat, eggs, nuts, and dairy products. Few women strictly
reduced their phenylalanine intake, as evidenced by
elevated plasma phenylalanine concentrations.

The women off-diet were at significantly higher risk of
having low blood tyrosine, which may be counterintuitive
since the off-diet group consumes more natural protein.
However, medical food is a source of tyrosine and may
account for the significantly higher blood tyrosine in the
on-diet group. Other discrepancies between amino acid
values in the two groups are notable, especially higher
blood concentrations of the large neutral amino acids—
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valine, leucine, and tryptophan—in the on-diet group.
Valine and leucine are large neutral amino acids (LNAAs)
which compete for transport of phenylalanine into the brain.
High amounts of LNAAs in the blood block phenylalanine
uptake as well as promote neurotransmitter synthesis (Pietz
et al. 1999).

Half of the women had 25-OH vitamin D results below
the lower limit of 30 ng/mL, but only one had severe
vitamin D deficiency (<20 ng/mL) (Christesen et al. 2012).
A recent Cochrane review indicates that vitamin D
supplementation and higher levels of 25-OH vitamin D in
pregnant women have been associated with increased birth
weight. Moreover, observational studies show a positive
effect of vitamin D status on other health outcomes in
children. Indices of iron nurtiture (hemoglobin, hematocrit,
ferritin) were normal in both groups, as were zinc and
folate. Plasma vitamin B12 was significantly lower in the
off-diet group compared to the on-diet group, again
indicating that the medical food is a significant source of
vitamin B12 in the diets of mothers with PKU. Vitamin
B12 deficiency in adults with PKU is a well-established
phenomenon arising from diets that do not contain either
medical food or animal products (Hvas et al. 2006).

The prevalence of overweight women with PKU (45%)
and obesity (27%) was somewhat above national norms that
indicate 64% of the population is either overweight or
obese Fryar and Ogden 2014; Fryar et al. 2014. Female
children with PKU have been reported to have a higher
incidence of being overweight or obese in a single study
(Burrage et al. 2012). In a previous study of pregnant
women, a bimodal distribution of prepregnancy weight was
observed with nearly equal numbers of overweight and
underweight women (Rohr et al. 2004).

The suboptimal nutritional status of these women with
PKU may have implications for their emotional well-being.
For example, recent studies demonstrate associations
between low vitamin D or low vitamin B12 and depression
(Anglin et al. 2013; Kalita et al. 2013), and low tyrosine has
been implicated in depressive symptoms in PKU (Sharman
et al. 2012). Moreover, anxiety and agoraphobia have long
been recognized as symptoms of poor metabolic control in
PKU patients (Waisbren and Levy 1991; Brumm et al.
2004).

Very few women were being treated with tetrahydro-
biopterin supplementation and none with large neutral
amino acids. The women who were enrolled in the study
were older, and many were off-diet and not seen frequently
in clinic. Thus, they may be part of the “lost generation” of
adults with PKU who do not have the opportunity to learn
about updated therapies for PKU (Burton and Leviton
2010). However, this MPKU follow-up study offered an
opportunity to update women about treatment options, and
yet none chose to change their current treatment. Responses
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to the nutrition questionnaire may provide insight into this
behavior. About half of the women who were off-diet
reported that they had tried to return to diet at some point in
the postpartum period. When asked about obstacles to
returning to diet, the most common responses were not the
expected ones (difficulty with formula, protein restriction,
or insurance) but rather that they did not perceive a need for
any treatment. Only one mother reported lack of access to
treatment as an obstacle.

One limitation of this study was the use of self-report
and parental report instruments. Rates of offspring difficul-
ties may be underestimated in our study, since the mothers
tended not to report themselves or their children as
functioning below the average range while cognitive test
scores tended to suggest otherwise. Subgroup comparisons
of on-diet versus off-diet women or children with versus
without cognitive deficits or mood disorders involved small
sample sizes.

Conclusion

The primary conclusion of this study is that maternal diet
influences offspring outcome—before, during, and after
pregnancy. Mothers who are well treated from the very
beginning of their lives have a higher IQ and therefore
often a higher SES, both of which were found to correlate
with offspring outcome. They are also less likely to be
anxious or depressed which was a determining factor in
offspring with ADHD, anxiety, depression, and low 1Q.
While maternal metabolic control during pregnancy
explains much about offspring outcomes, other parental
characteristics may also contribute to the increased rates of
low IQ and attention problems in these children, and these
appear to be directly related to diet and medical food intake.
Moreover, it takes time for the maternal PKU offspring’s
problems to emerge. Most social-emotional problems were
not evident until the children were school-aged. For this
reason, it is important that MPKU offspring have psycho-
logical evaluations throughout childhood and adolescence
and that mothers continue to receive therapy for PKU
throughout the lifespan. Evidence for positive maternal
PKU pregnancy outcomes is now well established. This
study illustrates that risks associated with maternal PKU do
not end with the birth of the infant, but continue throughout
the child’s life. To ensure optimal offspring outcomes,
healthcare providers need to assess maternal nutrition,
blood phenylalanine concentrations, cognitive abilities,
mood, and socioeconomic position. Interventions can then
be initiated that reduce psychosocial stressors and enhance
adherence to medical recommendations and positive par-
enting, which in turn can lead to better cognitive function-
ing, behavior, and emotional well-being in the children.
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Abstract Long-term follow-up of neuropsychological
functioning in metabolic disorders remains difficult due to
limited opportunities for comprehensive neuropsychologi-
cal evaluations. This study examined the validity of using
the Adaptive Behavior Assessment System, Second Edition
(ABAS-II), and the Behavior Rating Inventory of Executive
Function (BRIEF) for assessing developmental status in
metabolic disorders and for identifying individuals at risk
for cognitive deficits. Results from individuals with urea
cycle disorders, phenylketonuria, galactosemia, and fatty
acid oxidation disorders were obtained on the ABAS-II and
BRIEF and were compared to results obtained from
neuropsychological testing performed on the same day.
Correlations between scores on the ABAS-II and develop-
mental or 1Q tests for individuals with urea cycle disorders
ranged from 0.48 to 0.72 and concordance rates for scores
greater than a standard deviation below the normative mean
ranged from 69 to 89%. Correlations ranged from 0.20 to
0.68 with concordance ranging from 73 to 90% in the other
metabolic disorders. For the BRIEF, correlations with other
tests of executive functioning were significant for urea
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cycle disorders, with concordance ranging from 52 to 80%.
For the other metabolic disorders, correlations ranged from
—0.09 to —0.55. Concordance rates for at-risk status on the
BRIEF and executive functioning tests ranged from 55% in
adults to 80% in children with other metabolic disorders.
These results indicate that the ABAS-II and BRIEF
together can confidently be used as an adjunct or
supplementary method for clinical follow-up and for
research on functional status involving infants, children,
and adults with metabolic disorders.

Introduction

In spite of the risks to development, children and adults
with metabolic disorders may not receive neuropsychologi-
cal evaluations as part of routine care in the metabolic
clinic. This situation occurs because of limited access to a
psychologist who specializes in metabolic disorders and
because of challenges to obtaining insurance approval for
assessments. Consequently, individuals with these disorders
often go years without a neurodevelopmental or neuropsy-
chological evaluation and thus receive needed interventions
only after symptoms become severe and are far more
difficult to treat. Moreover, research into the neuropsycho-
logical effects of metabolic disorders is hindered by the
lack of uniform follow-up assessments.

Recognition of the need for a method for assessing
psychological functioning and for gathering a standard data
set in metabolic disorders led a team of 10 psychologists
and a psychiatrist to select instruments to serve as a
Uniform Assessment Method. The goal was to develop
validated, short, and inexpensive standardized protocols
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that would be relevant throughout the life span, could be
completed by parents or the affected adults, could be
available in Spanish as well as English, and could be
administered, scored, and interpreted by non-psychologists.
In addition, instruments were chosen for their power to
identify children or adults in need of further evaluation,
treatment modifications, or closer monitoring (Waisbren
and White 2010). Among the instruments selected were the
Adaptive Behavior Assessment System, Second Edition
(ABAS-II) (Harrison and Oakland 2003), and the Behavior
Rating Inventory of Executive Function (BRIEF) (Gioia
et al. 2000). Other instruments included were the Behavior
Assessment System for Children — Second Edition (BASC-
2) (Reynolds and Kamphaus 2004) and, for adults, the Beck
Depression Inventory, Second Edition (Beck et al. 1996), and
the Beck Anxiety Inventory (Beck and Steer 1993). While
the questionnaires selected were already well validated in the
general population, their psychometric properties had not
been described for individuals with metabolic disorders. The
purpose of this Uniform Assessment Method is not to find a
substitute for intelligence testing or comprehensive neuro-
psychological evaluations but rather to establish a quick,
valid, and feasible means to assess functioning for routine
clinical follow-up, registries, and research studies.

In this report, results from the ABAS-II and BRIEF
obtained on individuals with urea cycle disorders (UCDs),
phenylketonuria (PKU), galactosemia, and fatty acid oxida-
tion disorders (FAODs) were compared to results obtained
from neuropsychological testing performed on the same day.
PKU, galactosemia, and FAODs were selected for compari-
son to UCDs because they represent metabolic disorders with
neuropsychological impact for which comparable test results
were available from other research studies or medical records.
We did not include the BASC-2 or the Beck Depression or
Anxiety Inventories because they were not routinely available
in the research databases or medical records.

Metabolic Disorders
Urea Cycle Disorders

UCDs interfere with the hepatic ammonia detoxification
pathway, leading to hyperammonemia and other biochemi-
cal abnormalities. Absence or deficiency of the first four
enzymes in the urea cycle (carbamoyl phosphate synthetase
I (CPSI), ornithine transcarbamylase (OTC), argininosucci-
nate synthetase (ASS), argininosuccinate lyase (ASL))
leads to hyperammonemia within the first few days of life.
Deficiency or absence of arginase 1 (ARG1) leads to other
neurological and developmental problems, although hyper-
ammonemia is not as common (Summar et al. 2008).
Ornithine transcarbamylase (OTC) deficiency, the most
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common of the urea cycle disorders (OMIM 311250), is an
X-linked inherited disorder, in which males are more
severely affected. Many females remain asymptomatic
throughout their lives, although subtle neuropsychological
deficits arise that can interfere with functioning in day-to-
day life (Gyato et al. 2004; Gropman et al. 2010). The
clinical symptoms related to these disorders are variable,
ranging from neonatal death due to complications of
hyperammonemia to normal cognitive and developmental
outcomes throughout life (Krivitzky et al. 2009). Newborn
screening has recently become available for several of the
urea cycle disorders (Beck et al. 2011), and while early
diagnosis and treatment may reduce the frequency and
severity of hyperammonemic episodes (Summar 2001),
they do not eliminate risks of reduced cognitive abilities,
maladaptive behaviors, and poor executive functioning
(Krivitzky et al. 2009; Ah Mew et al. 2013).

Phenylketonuria (PKU)

PKU (OMIM 261600) is an autosomal recessive disorder
that affects the body’s ability to metabolize phenylalanine
into tyrosine, the precursor of the neurotransmitter, dopa-
mine. Untreated PKU is associated with severe intellectual
disabilities, seizures, eczema, motor difficulties, and signif-
icant behavioral problems. Fortunately, universal, manda-
tory newborn screening in the United States and in most
developed countries around the world permits the identifi-
cation and early treatment of this inborn error of metabo-
lism. Treatment consists of a low-protein diet and a
supplemental formula that provides all the necessary parts
of protein without the “offending” amino acid (Scriver and
Kaufman 2001). With early treatment, most children with
PKU develop well, with intellectual abilities within the
average range (Waisbren et al. 2007). However, many
individuals experience executive functioning deficits
(Christ et al. 2010), attention deficit disorder (Antshel and
Waisbren 2003), and psychiatric problems, including
anxiety and depression (Brumm et al. 2010).

Galactosemia

Galactosemia (OMIM 230400) is a rare, inherited metabolic
disorder in which the metabolism of galactose is impaired,
due to insufficiency or absence of the enzyme, galactose-1-
phosphate (Fridovich-Keil and Walter 2008). If left
untreated, classic galactosemia can cause severe neonatal
sepsis, cataracts, and death. Those who survive the
newborn period often experience intellectual disability,
speech and language delay, and motor deficits. With early
identification through newborn screening and treatment
with a galactose-restricted diet, the more severe consequen-
ces of this disorder are prevented. However, almost every
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child with galactosemia has speech/language delay, and
many have minor to moderate motor deficits (Bosch 2006).
Adults also exhibit motor deficits, depression, and anxiety
(Waisbren et al. 2012).

Fatty Acid Oxidation Disorders

Mitochondrial fatty acid oxidation is a complex process
involving transport of activated acyl-coenzyme A (CoA)
moieties into the mitochondria and sequential removal of
two carbon acetyl-CoA units. This process in the mitochon-
dria provides energy for many tissues including heart and
skeletal muscle and is critically important during times of
fasting or physiologic stress (Vockley and Whiteman 2002).
Disorders of fatty acid oxidation, the most common of
which is medium-chain acyl-CoA dehydrogenase defi-
ciency (OMIM 607008), interrupt this cycle and lead to a
deficit in the conversion of fat into energy. Most patients
with fatty acid oxidation defects are now identified through
newborn screening, and as a result, mortality and morbidity
rates have vastly improved (Wilcken 2010). However, devel-
opmental delays are not uncommon, particularly in the area of
speech and language (Iafolla et al. 1994; Waisbren et al. 2013).
This summary of metabolic disorders exposes the
continued neuropsychological and behavioral risks con-
fronting patients with these conditions. Without adequate
developmental and neuropsychological screening and
follow-up, their needs often remain unrecognized.

Instruments

The Adaptive Behavior Assessment System, Second Edi-
tion (ABAS-II) (Harrison and Oakland 2003), spans the
entire life span, from early infancy to adulthood. The
ABAS-II is a checklist of a broad range of skill areas
related to development, behavior, and cognitive abilities.
Parents or other informants can complete the age-appropri-
ate form (0—5 years, 621 years). For capable adults there
is a self-report form, as well as a parent/informant version.
The ABAS-II includes subscales for communication,
community use, functional academics, home living, health
and safety, leisure, self-care, self-direction, social, and
work. A scaled score of 10 4+ 3 represents the mean. Four
composite scores are derived from the sum of the scaled
scores: general adaptive composite (GAC), conceptual,
social, and practical. These composite scores have a mean
of 100 and a standard deviation of 15. The ABAS-II
standardization sample included 1,670 respondents. The
ABAS-II GAC has a correlation of 0.54 with the Wechsler
Preschool and Primary Scale of Intelligence (WPPSI-III)
and 0.41 with the Wechsler Intelligence Scale for Children,

Fourth Edition (WISC-1V). Computerized scoring and
interpretation programs are now available. This question-
naire takes 10—15 min to complete.

The Behavior Rating Inventory of Executive Function
(BRIEF) (Gioia et al. 2000) provides theoretically and
empirically derived clinical scales that measure aspects of
executive function. Executive functioning can be thought of
as the ability to keep information in mind for problem
solving. It involves such cognitive processes as memory,
attention, planning, organization, and the ability to shift
attention from one thought to another. The clinical scales
form broad indices of behavior and cognition and an overall
score, the global executive composite (GEC). For this
study, parent response forms for school-aged children were
analyzed, although there is also a preschool version. A self-
report form and an informant response form are available
for adults, permitting a uniform measure across all ages. All
forms were standardized on normative samples representing
a broad variety of race/ethnicity, age, and geographical
population density. A T score of 50 £+ 10 represents the
mean of the T-score distribution, and a score of 65
represents 1.5 standard deviations above the mean, which
is the recommended cut point for an “abnormally elevated”
score and is considered “clinically significant.” The
questionnaire is completed within 10—15 min.

Methods

This study incorporated information from research data sets
and medical records. Parents of children with urea cycle
disorders or adults with urea cycle disorders participating in
a longitudinal study completed the ABAS-II and BRIEF as
part of comprehensive neuropsychological evaluations
(Seminara et al. 2010; Krivitzky et al. 2009; Ah Mew
et al. 2013). Additional reports on results from this study
are forthcoming. Data on children with PKU, galactosemia,
and fatty acid oxidation disorders were obtained from a
review of medical records from Boston Children’s Hospital,
where the questionnaires from the Uniform Assessment
Method have been used for the past 5 years at the time of
routine psychological evaluation. (See Waisbren et al. 2013,
for a review of results on children with FAODs.) Data on
adult women with PKU were obtained from a study of
maternal PKU (Waisbren et al. in press) that included
administration of the ABAS-II, BRIEF, and intelligence
testing. Data on adults with galactosemia were obtained
from a study that also included the ABAS-II, BRIEF, and
neuropsychological assessment (Waisbren et al. 2012).
Approval for these various studies was obtained by
the Boston Children’s Hospital Committee on Clinical
Investigations (IRB) or other metabolic centers where the
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research was being conducted. Approval was also received
to conduct a medical record review of Boston Children’s
Hospital patients.

Mean and standard deviations were calculated to
describe the scores on the ABAS-II, BRIEF, developmental
tests, intelligence tests, and scales that measured aspects of
executive functioning. T tests and analysis of variance were
used to evaluate differences in scores between males and
females and across the different disease groups. We
categorized results according to the following age groups:
infants (<3 years), preschool children (3—5 years), school-
aged children (6—17 years), and adults (18+ years).

Results from subjects with PKU, galactosemia, and fatty
acid oxidation disorders were combined into an “other
metabolic disorders” group, due to relatively few cases with
these disorders. This “other metabolic disorders” group was
compared to results from subjects with UCDs. For 41 cases
in the urea cycle group, a parent or informant completed the
ABAS-II for adult subjects. Analyses were performed with
and without these cases, and occasionally a difference in
results was noted. Occasionally, subjects were rated more
than once on the ABAS-II or BRIEF at the time of a
neuropsychological evaluation, and their data were
included in the analyses. Results from the BRIEF were
derived only from school-aged children and adults.

Pearson correlation coefficients were computed to assess
strength of relationships between the ABAS-II and meas-
ures of cognitive functioning. For infants, the GAC from
the ABAS-II was compared to the cognitive composite
score from the Bayley Scales of Infant and Toddler
Development, Third Edition (Bayley 2005). For older
children and adults, the ABAS-II GAC was compared to
the full-scale IQ obtained from the Wechsler Preschool and
Primary Scales of Intelligence, Third Edition (WPPSI-III)
(Wechsler 2002), the Wechsler Intelligence Scale for
Children, Fourth Edition (WISC-1V) (Wechsler 2003), the
Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-
IV) (Wechsler 2008), or the Wechsler Abbreviated Scale of
Intelligence (WASI) (Wechsler 1999), depending on the age
of the subject and instrument used for clinical or research
purposes. Pearson correlations were also calculated to
assess the strength of associations between the BRIEF
Global Executive Composite (GEC) and two scales from
instruments that measure aspects of executive functioning,
specifically working memory as measured by the California
Verbal Learning Test (CVLT), Trial 5 (Delis et al. 2000;
Tremont et al. 2000), and planning as measured by the
block design subtest from the Wechsler intelligence tests
(Weiss et al. 2006).

Concordance (agreement) between the ABAS-II and
developmental or intelligence tests provided a measure of
validity of the ABAS-II to identify children at risk and in
need of further evaluation. A score of 85 (1 standard
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deviation below the published mean) represented the cut
point for determining a risk for problems in adaptive
functioning on the ABAS-II General Adaptive Composite
(GAC) and for risk of developmental delay or intellectual
deficits on the Bayley Cognitive Composite and full-scale
1Q on the WPPSI-III, WISC-IV, WAIS-IV, or WASIL.

Concordance between the BRIEF GEC and the two
scales measuring aspects of executive functioning was also
determined. For the BRIEF GEC, the cut point for
executive functioning deficits is >65, as specified by the
BRIEF manual. On the CVLT trial 5, a score one standard
deviation below the mean (< —1.0) represented risk for
executive functioning deficits. For the block design subtest
from the Wechsler scales of intelligence, the cut point for
risk of deficits was set at 7 or below (or <40 on the WASI).
In addition to measuring agreement, percents for receiver
operating characteristic (ROC) area under the curve (AUC)
were calculated.

Results

As noted in Table 1, 516 individuals were rated on the
ABAS-II and 265 individuals were rated on the BRIEF.
More females than males were included in the study. The
mean age of the sample was 13.8 years but ranged from
infancy to middle age. Differences in scores on the ABAS-
IT or BRIEF between males and females were noted only
when parent ratings of adults with UCDs on the ABAS-II
were included with the self-ratings of adults with UCDs
(p < 0.04).

The mean score on the ABAS-II GAC was lower for the
combined UCD cases (86 4+ 23) than for the combined
other metabolic disorders (mean = 99 £ 16, p < 0.0001).
Similarly, scores on the BRIEF were higher (indicating
greater difficulties in executive functioning) for the UCD
cases (mean = 57 + 12) compared to the cases with other
metabolic disorders (mean = 53 £ 13, p < 0.01). Signifi-
cant differences were not noted on the ABAS-II or BRIEF
among individuals with PKU, galactosemia, or FAODs.

As noted in Table 2, mean scores on the ABAS-II GAC
were within the low-average to high-average range for all
study groups as were mean scores for the Bayley Cognitive
Composite and full-scale IQ. The correlations between the
ABAS-II GAC and the Bayley Cognitive Composite in
infants or full-scale IQ in children and adults ranged from
0.20 to 0.70, with the correlations consistently high among
school-aged children 617 years of age. For children and
adults with urea cycle disorders, mean scores on the two
measures were within 1-4 points. For children with other
metabolic disorders, mean scores derived from parent
ratings were 9 to 18 points lower than scores on tests
administered directly (Bayley Scales or Wechsler intelli-
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Table 1 Total number and mean age of individuals with each disorder rated on the ABAS-II and BRIEF and number of males and females

ABAS-IT? ABAS-II® BRIEF Mean age + standard Female Male
Disorder N deviation N (% of total) N (% of total)
Urea cycle disorders 282 323 174 11.2 £ 11.0 208 (67%) 115 (56%)
Phenylketonuria 94 94 56 19.8 + 17.6 66 (21%) 28 (14%)
Galactosemia 68 68 24 18.6 + 154 30 (9%) 38 (19%)
Fatty acid oxidation disorders 31 31 11 52 £37 8 (3%) 23 (11%)
Totals 475 516 265 13.8 + 13.9 312 (100%) 204 (100%)

* ABAS-II using only self-report for adults

® ABAS-II using self-report for adults when available, supplemented by parent reports in the absence of a self-report

Table 2 Mean (standard deviation) scores on the ABAS-II general adaptive composite (GAC), Bayley cognitive composite, correlations with 1Q
tests, and concordance with scores below the cut point for the ABAS-II GAC

Neurocognitive ABAS-II Bayley cognitive Pearson Confidence

instrument N GAC composite 1Q correlation (r) interval for r Concordance®
ucCh

Children <3 years 105 87 £ 19 89 £ 19 0.48 (0.32,0.62) 73/105 (69%)
Children 3-5 years 50 86 £+ 20 91 £ 20 0.67 (0.48,0.80) 37/50 (74%)
Children 6—17 years 132 83 £ 22 89 + 21 0.64 (0.53,0.73) 93/13 (70%)
Adults 18+° 47 105 £ 13 103 £ 15 0.54 (0.30,0.72) 42/47 (89%)
Adults 18+° 86 98 + 18 95 + 21 0.72 (0.59,0.80) 74/86 (86%)
Other metabolic disorders

Children <3 years. 34 100 = 12 118 £ 17 0.21 (—0.16, 0.53) 27/30 (90%)
Children 3-5 40 97 + 16 108 + 12 0.20 (—0.12, 0.48) 34/40 (85%)
Children 6-17 44 90 + 19 101 + 17 0.68 (0.47, 0.81) 37/44 (84%)
Adults 18+ 75 103 £+ 15 93 £ 18 0.42 (0.22, 0.59) 55/75 (73%)

# Concordance includes all test results from each participant. Cut points for ABAS-II, Bayley cognitive composite, and full-scale IQ < 85

®UCD using only self-report for adults

¢ UCD using self-report for adults when available, supplemented by parent reports in the absence of a self-report

gence tests), despite generally high correlations. For adults
with the other metabolic disorders, the opposite was true,
with mean self-rated ABAS-II GAC 10 points higher than
full-scale 1Q.

For the UCD cases, the communication subscale from the
ABAS-II correlated with the Bayley Language Composite
score (r = 0.60, p < 0.000001). The motor subscale from
the ABAS-II correlated with the Bayley Motor Composite
score (r = 0.57, p < 0.00001). These data were not avail-
able for subjects with the other metabolic disorders.

Table 3 presents comparisons between the BRIEF global
executive composite (GEC) and scores on two tests that
measure aspects of executive functioning (working memory
and planning). Among adults with UCDs, confidence
intervals for the correlations indicate that the GEC was
associated with working memory as measured by the

CVLT. For children and adults with UCDs, the BRIEF
GEC also correlated with scores on block design, measur-
ing planning and organization. Although correlations were
high between the GEC and aspects of executive functioning
for subjects with other metabolic disorders, these associa-
tions did not reach significance. In general, individuals with
UCDs exhibited deficits on both the CVLT and block
design. For individuals with the other metabolic disorders,
scores on block design remained relatively intact, while
particular vulnerabilities were noted in working memory, as
measured by the CVLT.

For the ABAS-II GAC, concordance refers to agreement
with the Bayley Cognitive Composite or full-scale 1Q in
terms of a score above or below the cut point indicative of
risk for developmental delay or cognitive deficit. As noted
in Table 2, overall concordance ranged from 69 to 90%.
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Table 3 Pearson correlations between BRIEF questionnaires global executive composite (GEC) and tests of executive functioning by study group
and age and concordance with scores above the cut point for the BRIEF and below the cut point on the block design or CVLT

BRIEF GEC Test ~~ Pearson Confidence
Study/age group N mean (SD) N, mean (SD) correlation interval for Concordance®
UuCh
6-17 years 112 58 £ 12 CVLT —0.16 (—0.34, 0.025) 74/112 (66%)
—0.37 £ 1.39 75/143 (52%)
143 60 £ 12 Block Design* —0.35 (—0.49, —0.20)
72 +39
18+ years 43 53+ 10 CVLT —0.42 (—0.64, —0.14) 30/43 (70%)
—0.48 + 1.28 38/60 (63%)
60 54 £ 11 Block Design —0.38 (—0.58, —0.14)
6.7 +43
Other metabolic
disorders
6-17 years 10 61 + 14 CVLT —0.55 (—0.88, 0.12) 8/10 (80%)
—-035+ 1.1 23/35 (64%)
35 58 +£ 13 Block design —0.09 (—0.41, 0.25)
10+3
18+ years 9 54+9 CVLT —0.55 (—0.89, 0.18) 5/9 (55%)
—1.67 £ 1.62
29 49 + 10 Block design —0.26 (—0.58, 0.11) 19/29 (66%)

9+4

Cut points: BRIEF > 65; CVLT < —1.0; block design <7 (scores on block design from the WASI were converted to scaled scores)

As noted in Table 3, concordance rates between the BRIEF
GEC and either the CVLT or block design ranged from 52
to 80%, with agreement generally higher for the CVLT,
measuring working memory, than for block design, mea-
suring planning as well as visual spatial abilities.

For the ABAS-II GAC, ROC AUC summarizing overall
sensitivity and specificity is 69% for infants with UCDs and
24% for infants with other metabolic disorders. The ROC
AUC is 80% or higher for school-aged children and above
70% for adults with UCDs and other metabolic disorders.
For the BRIEF GEC, the ROC AUC is 60% for school-
aged children with UCDs and 84% for school-aged children
with other metabolic disorders. For adults, it is above 60%
for both individuals with UCDs and individuals with other
metabolic disorders.

Discussion

In this study, 515 individuals with metabolic disorders
contributed data from the ABAS-II and 265 contributed
data from the BRIEF. Data from these questionnaires were
compared to scores obtained through neurodevelopmental
or neuropsychological testing. This study focused on
UCDs, galactosemia, PKU, and FAODs because data on
these populations were available. The assessment method
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proposed here could easily be applied to the many other
metabolic disorders that also present at various ages and are
associated with a broad range of psychological outcomes.
Mean scores on the ABAS-II GAC and the Bayley
Cognitive Composite or IQ tests from individuals with
urea cycle disorders were within 4 points. For the other
metabolic disorders, the ABAS-II GAC mean scores tended
to be lower than the Bayley Cognitive Composite or full-
scale 1Q for children, but higher than full-scale 1Q for
adults.

The correlations between the ABAS-II GAC and full-
scale 1Q ranged from 0.62 to 0.68 in school-aged children,
considerably higher than the correlation between the GAC
and the WISC-IV full-scale 1Q (»r = 0.41) reported in the
ABAS-II manual. When discrepancies occurred in this
study, parent ratings usually indicated problems, whereas
the cognitive composite or full-scale IQ was within the
average range. A review of medical records and scores on
other neuropsychological tests suggested that nearly all
these children had attention deficits, hyperactivity, or other
behavioral problems. These children received higher scores
on an IQ test than on the ABAS-II, which identifies
potential behavioral as well as cognitive risk factors.

Strong correlations were noted among scores from UCD
individuals between the BRIEF GEC and block design for
school-aged children and adults. The GEC was also highly
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correlated with the CVLT for adults with UCDs. Scores on
the BRIEF from individuals with the other metabolic
disorders were not significantly correlated with scores on
the CVLT or block design. With test scores from only 9 to
35 individuals, this aspect of the study may have been
underpowered.

The analyses for this study were limited to the summary
scores on the ABAS-II and BRIEF. The subscales for both
these instruments may prove to be valid as additional
outcome measures. However, assessment of these subscales
was beyond the scope of this study, which relied on existing
data sets.

It is important to remember that adaptive functioning, as
assessed by the ABAS-II, is not equivalent to intellectual
functioning, since it describes a much broader range of
behaviors, including social relationships, self-help skills, and
ability to get along in the community. Similarly, executive
functioning as measured by the BRIEF is not equivalent to
isolated skills of memory and planning but includes
attention, inhibition, organization, and other abilities. Given
that the potential bias is in the direction of overidentification
of at-risk children, assessments based on the ABAS-II and
BRIEF will be unlikely to miss a child who has a
developmental delay or deficit in executive functioning.

Ideally, the ABAS-II and BRIEF will be incorporated in
every metabolic disorder study that includes measures of
functioning so that results can be compared across studies
and meta-analyses can be easily conducted. Uniform
assessments with the ABAS-II and BRIEF can overcome
the problems of small sample sizes and insufficient
resources when examining functioning in newborn screen-
ing or when conducting long-term follow-up studies.

Use of the ABAS-II and BRIEF for assessing every child
identified with a metabolic disorder will increase the
likelihood of insurance coverage for further evaluations
when needed and permit early identification of those
requiring early interventions or treatment modifications.
Moreover, inclusion of anonymous results from these
measures in longitudinal registries will provide critical data
for evaluating the efficacy of newborn screening, which has
expanded greatly in the past decade and is likely to increase
further as new screening technologies become available.

These instruments are available as paper forms or online
and can be administered on a tablet or laptop computer.
They can be administered by non-psychologists. They
extend across all age groups and exist in Spanish and other
languages as well as English. Reports can be generated
electronically, and scores can be entered into databases for
research purposes or tailored for feedback to patients,
families, and health-care providers.

Future studies are needed to evaluate the sensitivity of
the ABAS-II and BRIEF as pre- and posttests in medication
or other treatment trials. Additional studies are needed to
validate the other tests recommended in the Uniform
Assessment Method described by Waisbren and White
(2010), including the BASC, Beck Anxiety Inventory, and
Beck Depression Inventory to assess psychiatric and
emotional well-being.

In conclusion, the results of this study indicate that the
ABAS-II and BRIEF together can confidently be used as an
adjunct or supplementary method for clinical follow-up and
for research on functional status in infants, children, and
adults with metabolic disorders. This method can serve as
an “early warning” system to detect neuropsychological
deficits for which a full evaluation would be important.
Ideally, the ABAS-II and BRIEF can be administered as
part of regular follow-up for metabolic disorders to monitor
treatment effectiveness and disease progression. While
comprehensive neuropsychological evaluations provide a
more differentiated picture of the types and severity of
deficits associated with these disorders, the expense, time
commitment, and limited access to such testing has
prohibited and probably always will prohibit its use as a
method for routine follow-up in clinical settings or for
measures of functional status in registries or large research
studies. The ABAS-II and BRIEF can fill this void.
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One-Sentence Synopsis

The Adaptive Behavior Assessment System, Second Edi-
tion (ABAS-II), and the Behavior Rating Inventory of
Executive Function (BRIEF) are two questionnaires that
provide a valid and quick method for assessing psychologi-
cal functioning in urea cycle and other metabolic disorders.
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Abstract Glutaric acidemia I (GA 1, #231670) is one of the
treatable, autosomal recessively inherited metabolic disor-
ders. Macrocephaly, acute encephalitis-like crises, dystonia
and characteristic frontotemporal atrophy are the hallmarks
of this disease. In this communication, we present the
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clinical, biochemical and molecular profile of seventeen
GA T patients from 15 unrelated families from India and
report seven novel mutations in GCDH gene (c.281G>A
(p-Arg94Gln), c.401A>G (p.Aspl34Gly), c.662T>C (p.
Leu221Pro), ¢.881G>C (p.Arg294Pro), c.1173dupG (p.
Asn392Glufs*5), ¢c.1238A>G (p.Tyr413Cys)
and c.1241A>C (p.Glu414Ala)). Out of these, c.662T>C
(p-.Leu221Pro) in exon 8 and c.281G>A (p.Arg94Gln)
allele in exon 4 were low excretor alleles, whereas
c.1241A>C (p.Glud414Ala), c.1173dupG and ¢.1207C>T
(p-His403Tyr) in exon 11 were high excretor alleles. We
conclude that c.1204C>T (p.Arg402Trp) is probably the
most common mutant allele. Exons 11 and 8 are the hot
spot regions of GCDH gene in Indian patients with GA 1.
An early diagnosis and timely intervention can improve the
underlying prognosis. Molecular confirmation is helpful in
providing genetic counselling and prenatal diagnosis in
subsequent pregnancy.

Introduction

Glutaric acidurias are a group of autosomal recessively
inherited metabolic disorders that are characterized by
abnormal excretion of glutaric acid due to a defect in
amino acid or fatty acid metabolism pathways. Glutaric
acidemia type 1 or glutaric aciduria type 1 (GA I) occurs
due to the deficiency of glutaryl-CoA dehydrogenase
(GCDH) enzyme (EC 1.3.8.6, old number EC 1.3.99.7), a
member of the acyl-CoA dehydrogenase family and a key
enzyme in the catabolic pathways of the amino acids
tryptophan, lysine and hydroxylysine. Deficiency of GCDH
causes increased organic acid excretion of glutaric acid,
3-hydroxyglutaric acid and glutaconic acid in urine and
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elevated glutarylcarnitine (C5DC) in plasma. The estimated
worldwide frequency of GA I is 1 in 100,000 newborns
(Lindner et al. 2004), but increased frequency has been
reported in the inbred Old-Order Amish community of
Pennsylvania (Morton et al. 1991) and the Ojibway Indians
in Manitoba (Haworth et al. 1991). About ninety percent of
the affected children present classically between 2 and 37
months of age with extrapyramidal symptoms, predomi-
nantly dystonia superimposed on axial hypotonia after an
acute encephalopathic crisis precipitated by intercurrent
febrile illness, infection, fasting or immunization (Hoff-
mann et al. 1991; Kolker et al. 2006; Strauss et al. 2003).
About 75% of the patients have macrocephaly with soft
neurological signs such as head lag, irritability and feeding
difficulties. Extrapyramidal symptoms are due to bilateral
striatal injury during the acute episode. Early diagnosis and
prompt initiation of treatment can prevent the long-term
complications and mortality which have led to its inclusion
in conservative newborn screening programs (Heringer
et al. 2010; Kolker et al. 2007). GCDH enzyme is encoded
by GCDH gene, which is located on the chromosome
19p13.2 spanning about ~7 kb and contains 12 exons
(Transcript ID ENST00000222214) and encodes 438 amino
acid-long precursor protein. It is a genetically heteroge-
neous condition and is caused by different types of
mutations such as missense, nonsense and intronic varia-
tions in GCDH gene. Till date, 163 mutations have been
reported from different ethnic groups in HGMD (Goodman
et al. 1998; Busquets et al. 2000a; Zschocke et al. 2000).
Although there is some correlation between genotype and
the urinary excretion of glutaric acid, the correlation
between genotype and phenotype has been elusive (Kolker
et al. 2006). There is no published data from India on the
mutation spectrum of GA I. This retrospective study is
aimed to present clinical and molecular profile of Indian
patients and report seven novel mutations. In silico analysis
was performed to predict the role of these novel mutations
on protein function. The effects of novel missense
mutations on the structure of gene product have been
analyzed by computational modelling. Prenatal diagnosis
was offered in one family.

Materials and Methods
Patient Enrolment

Over a period of 5 years (June 2008 till June 2013), 17
patients of varying age from 15 unrelated families were
recruited from the Genetic Clinic and Pediatric Neurology
Clinic. The study was approved by the institutional ethics
committee, and written informed consent was taken from
all parents. Clinical details were filled in a predesigned
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proforma for neurometabolic disorders. Diagnosis was
made based upon the clinical presentation, neuroimaging,
urinary organic acids and tandem mass spectrometry
results. Wherever possible, clinical outcome was assessed
through follow-up either clinically and by review of records
or through parents’ interview where the child was not alive.
During follow-up assessment, patients were evaluated
mainly clinically and not biochemically for amino acids
due to lack of availability of amino acids and affordability.
Age-dependent developmental assessment tools were used
for the developmental delay. It included calculation of
developmental age and quotient using the Developmental
Assessment Scale for Indian Infants (DASII) for 0-30
months, Developmental Profile 3 (DP 3) for 0—12 years and
Malin’s Intelligence Scale for Indian Children (MISIC) for
6—15 years. No formal scoring for the severity of
movement disorder or morbidity was used.

GCDH Gene Analysis

Peripheral blood was collected in EDTA vacutainer, and
genomic DNA was isolated by salt method (Miller et al.
1988). Primers were designed by primer 3 software
(bioinfo.ut.ee/primer 3-0.4.0) (Supplementary Table 1),
and coding sequences were amplified in eight different
fragments by polymerase chain reaction (PCR). Amplified
PCR products were purified by enzyme treatment (Exol &
SAP) and sequenced by ABI 3130 Genetic Analyzer
(Applied Biosystem, USA). Sequence analysis was per-
formed by using ChromasPro software (http://technelysium.
com.au) and NCBI blast. Nomenclature of novel mutations
was done according to the guidelines of Human Genome
Variation Society (http://www.hgvs.org/mutnomen). Novel
mutations were checked in the 1000 Genome Projects
database (http://www.1000genomes.org/), dbSNP database
(http://www.ncbi.nlm.nih.gov/snp/) and HGMD (Human
Gene Mutation Database, http://www.hgmd.org/).

In Silico Analysis of Novel Mutations

Multiple sequence alignments were performed to check the
conservation of amino acid across some other species.
PolyPhen2 (http://genetics.bwh.harvard.edu/pph2) and
SIFT (http://sift.jcvi.org) programs were used to assess the
qualitative effect of missense changes on the protein
function. Both these programs predict the effect of amino
acid replacement due to mutation on the function of protein.
PolyPhen2 predicts the effect based on physicochemical
properties of residue and comparative analysis, while SIFT
predicts on the basis of degree of conservation of residues
through PSI-BLAST sequence alignment.
Three-dimensional structure of the proteins is required to
understand the role of mutations on their structure and
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function at atomic level. Crystal structure of wild-type
human GCDH complexed with coenzyme FAD
(PDB: 1SIQ) (Fu et al. 2004) is available in PDB. Model
structure of protein with novel missense mutation was built
with the help of crystal structure of wild-type protein and
“Build Mutant” protocol incorporated in MODELLER 8.2
program (Sali and Blundell 1993) in the modelling environ-
ment of Discovery Studio (DS 2.0) (Discovery Studio 2006,
Accelrys Inc., San Diego, CA, USA). The “Build Mutant”
protocol changes the selected residue into the desired residue
and optimizes the conformation of mutated residue along
with neighbouring residues. Side chains of the residues in the
models were further refined to correct their conformation and
orientation using the modelling program “Chi Rotor”
(Spassov et al. 2007). The stereochemical quality of the
mutant models was verified by PROCHECK (Laskowski
et al. 1993). The generated models were energy minimized to
remove any steric clash between atoms, followed by short
MD simulations for the final refinement using CHARMm
force field simulation engine (Brooks et al. 1983; Momany
and Rone 1992).

Results

A total of fifteen unrelated families and seventeen patients
were recruited during the study period. The male/female ratio
was 1.4:1. The median age at onset of symptoms and final
diagnosis was 6 months (2—12 months) and 18 months
(3—192 months), respectively. Out of 15 families, 3 had
positive family history. Consanguinity was seen in 8/15 (53%)
families with different religious backgrounds (5 Muslim, 1
South Indian, 2 Hindu). Twelve patients (70%) had precipitat-
ing illness like fever associated with seizure (4/12), fever
associated with/without gastroenteritis or pneumonia (4/12),
seizure alone (3/12) or after immunization (1/12). The main
presenting features were macrocephaly, developmental
regression mainly motor due to development of dystonia,
seizures or a combination of these. Table 1 shows the
distribution of clinical, biochemical and radiological abnor-
malities across various families. Patients were divided into
four developmental categories: patients with (1) normal
development, (2) developmental regression, (3) develop-
mental delay only and (4) developmental delay with
regression category. “Regression” in GA 1 essentially refers
to loss of intentional motor control due to development of
dystonia. Six patients (35.2%) had normal initial develop-
ment followed by regression and dystonia, two had normal
development without regression or dystonia but had asso-
ciated seizures and one had normal development with
dystonia. The rest of the eight patients (47%) had develop-
mental delay with or without regression with associated
extrapyramidal symptoms in all except one. Based upon the

developmental assessment by DASII, DP3 and MISIC at
different ages, all patients except F2, F10a, F12 and F15 had
delay in the physical and adaptive domain primarily because
of the development of dystonia. Patients F7, F9 and F15 had
mild global developmental delay, whereas patients F1, F3,
F4, F8 and F13 had severe to profound delay.

Macrocephaly, dystonia, choreoathetoid movements and
seizures were present in 70.5% (12/17), 64.7% (11/17),
0.05% (1/17) and 52.9% (9/17), respectively. Patients with
generalized tonic—clonic seizures had initial one or two
episodes followed by complete disappearance. Three
patients had myoclonic seizures. Both striatal (hyperinten-
sities in caudate and putamen) and extrastriatal (subdural
hygroma, wide sylvian fissure, frontotemporal atrophy,
hyperintensities in globus pallidus and thalamus) abnormal-
ities on neuroimaging were seen in all the patients. Majority
of the patients had feeding difficulties especially in
swallowing. Soon after diagnosis, all the patients were kept
on indigenous lysine- and tryptophan-restricted diet (pre-
dominantly a vegetarian Indian (native/local) diet in natural
form) and carnitine supplementation (50-100 mg/kg/day)
due to nonavailability and affordability of GA I-specific
diet. Lysine restriction was achieved by natural and locally
available diet. The amount of lysine varied depending upon
the different age groups with an average daily intake of
90-120 mg/kg body weight/day, the highest being in
infants. The total protein intake was 1-2 g protein/kg actual
body weight/day. All patients were also supplemented with
riboflavin (100-300 mg/day), calcium and other micro-
nutrients soon after the diagnosis, and none of them reported
to have any major deficiencies. These patients were on
naturally achieved lysine-restricted vegetarian diet, and
lysine-free, tryptophan-reduced amino acid supplements
were not given separately due to nonavailability of these
amino acid supplements. Baclofen (10-20 mg/day) was
used for dystonia. Two patients (F3 and F5) died at the age
of 1.6 and 2.6 years, respectively. Both these children had
severe feeding difficulties and were malnourished. They
died at home probably due to aspiration pneumonia.

GCDH Gene Mutations

A total of 15 different mutations were identified in
GCDH gene in different exons in 17 patients of 15
unrelated families. Seven novel (c.281G>A (p.Arg94Gln),
c.401A>G (p.Aspl34Gly), c.662T>C (p.Leu221Pro),
c.881G>C (p.Arg294Pro), c¢.1173dupG
(p.Asn392Glufs*5), ¢.1238A>G (p.Tyr413Cys) and
c.1241A>C (p.Glu414Ala)) and eight reported
(c.650C>T (p.Pro217Leu), c.769C>T (p.Arg257Trp),
c.764C>T (p.Ser255Leu), c¢.770G>A (p.Arg257Gln),
c.937C>T (p.Arg313Trp), 1173delG (p.Asn392Metfs*9),
c.1204C>T (p.Arg402Trp) and c.1207C>T (p.His403Tyr))
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Fig. 1 Mutation distribution across GCDH gene

mutations (Fig. 1, Table 2) were found only in five different
exons of GCDH gene. Mutation ¢.1207C>T (p.His403Tyr)
was initially thought to be novel in nature, but recently it
has been reported (Wang et al. 2013). Amongst the seven
novel mutations, one is frameshift and six are missense
mutations. Prenatal diagnosis was performed for one family
(F1). Upon counselling, pregnancy was terminated as the
foetus was affected.

In Silico Analysis

All the novel mutations were found in the highly conserved
region of the protein. Both PolyPhen2 and SIFT programs
predict the effect of observed novel mutation in this study to
have deleterious effect on the function of protein. Stereochem-
ical qualities of mutant models are good, and substituted
residues lie in the most favoured region of Ramachandran’s
plot. In silico study through the three-dimensional structure
of the model of the mutant proteins helps to understand the
effect of mutation on the structure of protein.

Genotype and Biochemical Phenotype

Patients were divided into high excretors and low excretors
based upon the criteria by Baric et al. (1999) and Kolker
et al. (2006). High excretors were defined as glutaric acid
excretion of >100 mmol GA/mol creatinine and low
excretors as <100 mmol GA/mol creatinine. Levels of
glutaric acids were available only in six patients with five
novel alleles. In our study, out of seven novel alleles,
two alleles, ¢.662T>C (p.Leu221Pro) and c.281G>A
(p.-Arg94Gln), had almost no glutaric aciduria (Fl1la and
b) and hence were low excretors; however, c.1241A>C
(p.Glu414Ala) (F2), c.1173dupG (F12) and ¢.1207C>T
(p-His403Tyr) in Ex-11 (F13, F14) were found to be high
excretor alleles.

Discussion

There have been few reports of GA I in Indian patients, the
majority being on neuroimaging (Kamate et al. 2012; Sen

and Pillay 2011). This is the first report on clinical,
biochemical and molecular profile of Indian patients.

Clinical Spectrum

Glutaric aciduria type I is probably the second common
organic acidemia in India, the commonest being methyl-
malonic acidemia (unpublished data, personal communica-
tion). These patients have a variable course of illness, the
majority of patients presenting with loss of intentional
motor control due to development of dystonia precipitated
by an acute febrile illness, macrocephaly and extrapyrami-
dal symptoms. In our cohort, the median age at the onset of
symptoms was 6 months. The age at diagnosis was quite
variable and there was a gap of nearly 12 months between
the onset and diagnosis probably because of the variable
clinical spectrum of the disorder or due to the delayed
diagnosis. Twelve out of 17 (70%) had some precipitating
factor at around 6 months. Out of these three had normal
development, while others had developmental delay and/or
regression. In accordance with other studies (Wang et al.
2013; Mushimoto et al. 2011), a combination of macro-
cephaly, developmental regression, dystonia and seizures
emerged as the predominant presenting feature. Three out
of 17 had normal development (F2, F10a, F6) despite
having the precipitating event and radiological abnormal-
ities. Case F2 was diagnosed at 3 months and kept on
modified diet and carnitine supplementation. He has good
compliance and is developmentally normal. All patients
with or without crises had MRI abnormalities (Harting et al.
2009). Eighty two percent of the patients (14/17) were
already neurologically compromised (categories 2—4) at the
time of presentation. Category 2 patients had mainly motor
regression due to incapacitating dystonia. A correlation
between MRI findings and dystonia has been studied in
detail earlier by Harting et al. (2009) and Garbade et al.
(2014). These authors clearly showed that the severity of
striatal lesions on MRI did correlate with the severity of the
movement disorder. In contrast, extrastriatal MRI finding
did not correlate with the motor dysfunction. In our study,
5/17 patients did not develop dystonia at a mean age of 37
months (3—132 months). Two of these patients (F10a and
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F12) had only extrastriatal features, whereas F2, F4 and
F15 had both extrastriatal and striatal involvement. In our
study, we did not perform any follow-up MRI. It has been
shown (Heringer et al. 2010) that prompt vigorous
intervention during acute episodes with the provision of
glucose, fluids and electrolytes along with carnitine
supplementation can prevent striatal degeneration and has
improved outcome. Most of our patients had acute crises
prior to the diagnosis. They were diagnosed after routine
evaluation for either developmental delay, seizures or
macrocephaly. Hence no emergency regimen was given at
the time of acute precipitating factors. However, after initial
diagnosis, patients were explained about emergency home
treatment (Kolker et al. 2006, 2007, 2011).

An individualized long-term dietary treatment (Kolker
etal. 2011; Viau et al. 2012; Lee et al. 2013) includes a low
lysine diet through natural protein with or without lysine-
free and tryptophan-reduced amino acid supplements along
with L-carnitine supplementation for adequate growth (Boy
et al. 2013). Due to lack of availability of lysine-free and
tryptophan-reduced therapeutic formulae, the metabolic
maintenance treatment was tried mainly through locally
available protein-restricted diet with age-specific minimum
requirement of lysine and tryptophan, micronutrients,
riboflavin and carnitine supplementation. Baclofen was
given for dystonia.

Mutation Spectrum

GA 1 mutations are classified either as severe or mild
depending upon the residual enzyme activity and the
urinary excretion of glutaric acid. p.Arg402Trp mutation
in exon 11 is described as one of the severe and common
mutations that account for about 20% of the mutations in
Caucasians. Most of the patients are reported as compound
heterozygotes, but in our cohort, 80% of the family
mutations were in homozygous state including Arg402Trp
mutation.

Figure 1 shows the distribution of 15 different mutations
in five different exons of GCDH gene, in which seven of
them (c.1238A>G, ¢.1241A>C, ¢.1173dupG, ¢.881G>C,
c.401A>G, c.662T>C, ¢.281G>A) were novel and found
in seven unrelated patients. Three families were homozy-
gous for novel mutations, whereas five were compound
heterozygous. Mutation prediction software PolyPhen2 and
SIFT (Table 2) depicted that these missense mutations are
probably damaging/damaging the protein. Frameshift muta-
tions ¢.1173dupG (p.Asn392Glufs*5) and c.1173delG (p.
Asn392Metfs*9) were generated truncated proteins. Family
11 had two novel mutations in compound heterozygous
state, the father being a carrier of ¢.281G>A (p.Arg94Gln)
and the mother a carrier of ¢c.662T>C

(p.Leu221Pro). However, these mutations appear as leaky
or mild as both these sibs did not show urinary excretion of
glutaric acid.

In Silico Analysis of Effect of Mutation on Their Structure

GCDH is a member of acyl-CoA dehydrogenase family and
catalyses the oxidative decarboxylation of glutaryl-CoA
using flavoprotein as its electron acceptor. Structural
analysis reveals that the proper positioning of cofactor
FAD (flavin adenine dinucleotide) and glutaryl-CoA is
essential for decarboxylation reaction followed by dehydro-
genation (Fu et al. 2004). Sequence analysis shows that
residues Arg294, Tyr413 and Glu414 are highly conserved
amongst the dehydrogenase family. Residue Glu414 is an
active-site residue and functions as catalytic base. It is
responsible for proton abstraction. Hence, the position of
carboxylate group of Glu414 is extremely important and is
stabilized by two hydrogen bonds with side chain of
Arg294 (Fig. 2a). Therefore, Glu414Ala mutation will
abolish the catalytic function of proton abstraction. The
natural variant of Glu414 leads to loss of its enzymatic
activity (Keyser et al. 2008). In addition, replacement of
Glu414 by Ala also leads to a change in side chain
conformation of crucial residues Arg294 and Tyr413
(Fig. 2b). Hence, this substitution will hamper its function
severely. It clearly indicates that this mutation has a direct
and crucial role in the pathogenesis of GA 1.

Tyr413 is essential for the stabilization of FAD position
through m—m aromatic interaction with phenyl ring of flavin
(Fig. 2a). It is present on the flexible loop region, and
conformation as well as the position of its aromatic side
chain is stabilized by hydrogen-bonded interactions with
another crucial residue Argl38. Argl38 plays an important
role in enzymatic function as its replacement by Gln or Gly
leads to manyfold increase in K, value for glutaryl-CoA
and decrease in its catalytic activity (Dwyer et al. 2001).
The conformation of Argl38 side chain is known to be
crucial for the enzymatic function as it acts as a hydrogen
bond donor to y-carboxylate of substrate glutaryl-CoA and
electrostatic catalyst to stabilize the negative charges during
catalysis (Keyser et al. 2008). Positively charged guanidi-
nium group of Argl38 in wild-type model complex was in
close proximity (3.0 A) of carboxylate moiety of glutaryl-
CoA. Substitution of Tyr413 by Cys will lead to loss of a
crucial edge to face n— interaction between Tyr and flavin;
this might lead to destabilization of FAD position (Fig. 2c).
Simultaneously this also alters the conformation of Argl38
as it is stabilized by hydrogen bond with Tyr413, and
important guanidinium group in mutant model complex
moves away from carboxylate group of glutaryl-CoA.
Therefore, Tyr413Cys mutation causes the double adverse
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Fig. 2 Cartoon representation of (a) crystal structure of wild-type
human mitochondrial GCDH and model structure of mutants (b)
Glu414Ala, (¢) Tyr413Cys and (d) Arg294Pro. Side chain of
important residues are shown (ball and stick in green for wild type

impact and might lead to a significant decrease in the
enzymatic activity of GCDH.

The substitution of Arg294 by Pro causes loss of crucial
hydrogen bonds with Glu414, and this leads to a change in
the conformation of active-site residue Glu414 required for
proton abstraction (Fig. 2d). This also changes the loop
conformation on which another crucial residue Tyr413
resides. Moreover, residue 294 lies in the helical region,
and Pro is known to destabilize the helical conformation.
Hence, this mutation might also adversely affect its
enzymatic activity.

The rest of the three novel missense mutations
(Arg94GlIn, Aspl34Gly and Leu221Pro) lie away from
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and cyan for mutants), glutaryl-Co-A (ball and stick in magenta) and
cofactor FAD (ball and stick in orange) and hydrogen-bonded
interactions in black dotted lines. Glutaryl-CoA and FAD are shown
partially

the active site. Residue Arg94 is positively charged and
surface exposed. In mutant, 